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Abstract
A chirped-pulse amplification (CPA) Nd:glass laser using a fiber-grating compression 
system has been studied through modelling and experiments. Special effort has been 
made to improve the intensity contrast ratio of the pulses generated from this laser.
In this thesis, we report on the development of a fiber-grating CPA Nd.glass laser 
which can produce 1.2 ps pulses with an energy of >  3 J at 1.053 /im. The contrast 
ratio of the pulses generated from such lasers is normally very low (<  100). To enhance 
the contrast, the spectral shaping method was numerically and experimentally studied. 
By applying this technique, the intensity contrast ratio of the pulses from the laser was 
improved to >  103.
To further improve this contrast ratio, second harmonic generation was investigated 
through computer simulation. The modelling results have shown that a contrast en­
hancement close to R2 (where R  is the contrast ratio of the fundamental pulse) can 
be achieved. Hence, frequency doubling can improve the contrast of the pulses from 
the laser system from >  103 to >  106. More importantly, it has been found that for 
frequency doubling of a ~ 1 ps laser pulse at -  1 /im in KDP (II), the group velocity 
mismatch between the interacting pulses can be used to advantage by pre-delaying the 
extraordinary (e) relative to the ordinary (o) pulses appropriately at the entrance to the 
crystal. In the optimal conditons, the power conversion efficiency from the fundamental 
to the second harmonic can be as high as 300%, and simultaneous “compression” of 
the output pulse duration can reach a factor o f four.
These simulation results were confirmed by a series of experiments on SHG. We 
observed an increase in the energy conversion efficiency from ~ 40% to -  75% for type 
II frequency doubling of 1.053 //m, 1.6 ps duration pulses in KDP when a delay of 1.45 
ps was introduced between the e- and o-pulses. A second harmonic pulse duration as 
short as ~  250 fs and power conversion of up to 240% were measured when a 2.5 cm 
thick KDP (II) was used with a 1.2 ps Nd laser pulse and a 1.46 ps pre-delay. These
vi
experimental results were in excellent agreement with the predictions of the computer 
models.
To further increase the contrast, a new method using an optical parametric amplifica­
tion based pre-pulse eliminator (OPAPE) has been proposed and its performance studied 
through numerical modelling. It has been found that the contrast can be significantly 
enhanced from R to ~ R3. For our CPA Nd laser system, we predict an increase in 
the contrast ratio from > 103 (after spectral shaping) to >  108. Moreover, frequency 
doubling such a pulse can give a SH beam with a contrast higher than 1016. This 
value should be sufficient enough to support any conceivable experiments involving 
laser-matter interactions.
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Chapter 1
Introduction
Recently, there have been significant advances in the development of high power 
ultra-short (ps and sub-ps) pulsed lasers. High power ultra-short optical pulses have 
been generated by using excimer lasers [21, 51, 108]; dye lasers [66]; CO2 lasers [12]; 
and via chirped pulse amplification (CPA) using Ndiglass [97] or Ti:sapphire/Nd:glass 
lasers [85]. Powers from ~  1 to > 50 TW [85] are now available from those sys­
tems with sufficiently good beam quality to produce focussed pulse intensities from 
1013 to IO20 W /cm 2. Such high intensity ultra-short pulse lasers have many ap­
plications, and permit, for example, the study of solid-state density laser-matter 
interactions [22, 38, 47, 62, 67]; high-order harmonic generation [48, 49, 59, 61]; 
multiphoton ionization [9, 46, 52]; above threshold ionization [13, 27]; and ultra- 
short pulse X-ray lasers [31]. Intensities above I  A2 >  1018 W /im2/cm 2 can be used 
to accelerate plasma electrons to relativistic velocities [53] and provide the opportu­
nities for studying light-light scattering [16]; induced vacuum polarization [53]; and 
pair-production [8, 89]; which are basic predictions of quantum electrodynamics that 
have never been observed.
Many applications require a high intensity contrast (i.e. the ratio of the maxi­
mum intensity in the main pulse to the level of pre-pulse emission). For example, in 
high intensity ultra-short pulse laser-matter interaction experiments, if the pre-pulse 
has an intensity above the plasma production threshold, it can generate a low den­
sity plasma before the ultra-short pulse arrives at the target. This will significantly
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alter the physics of the ultra-short pulse interaction with matter. The aim of this 
thesis is to develop a very high contrast CPA Ndrglass laser.
1.1 T he C oncept o f  C hirped P u lse  A m plification
In what follows we will focus upon ultra-short pulse amplification in solid-state 
amplifying media.
To amplify ultra-short pulses, three major requirements have to be satisfied by 
the amplifying medium [55]. Firstly, the gain linewidth of the amplifier has to be 
larger than the frequency bandwidth of the ultra-short pulse. Secondly, for efficient 
energy extraction, the fluence of the pulse has to be in the range of the amplifier 
saturation fluence Fa = hv/cr, where h is Planck’s constant, v is the laser frequency 
and or is the stimulated emission cross section. Finally, the pulse intensity must be 
below the critical value above which the intensity dependent index of refraction may 
cause serious wave front distortion.
In the available large bandwidth media, broad bandwidth solid-state materials, 
such as, Nd:glass; Ti:sapphire; Cr:LiSAF etc, are the most attractive amplifying 
media due to their high saturation fluence. For solid-state amplifying media, the 
saturation fluence is of the order of 5 J/cm 2 which is more than a thousand times 
larger than that of dye and excimer amplifiers. Thus it is possible to amplify a pulse 
energy to > 1 J using a relatively small scale solid-state amplifier.
Of the available broad bandwidth solid-state amplifiers, there are two media 
which are well developed, i.e. Nd:glass and Ti:sapphire. Very recently, new materials 
such as Cr:LiSAF and Cr:LiCAF have also become available and these are very well 
suited for CPA systems [3, 64, 79, 104, 110]. All these media have very large gain 
bandwidths. For Nd:glass, the fluorescent linewidth is more than 20 nm and could 
support amplification of 100 fs pulses at ~  1 /im. For Ti:sapphire, the available 
fluorescent linewidth allows it lase between ~  0.7 fim to ~  1.1 /im [85, 91, 94, 
95], and support amplification of < 10 - 20 fs pulses at wavelengths in this range. 
However, the large stored energies cannot be fully extracted by an ultra-short pulse
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in a solid-state amplifier because refractive index non-linearities become serious at 
intensities of the order of 10 GW/cm2, and hence the laser can only be operated at 
a maximum intensity around a few GW/cm2. When amplifying a 1 ps pulse to this 
maximum intensity, the fluence of the pulse is only a few mJ/cm2, i.e. far below the 
saturation fluence. However, this limitation can be overcome by using the chirped 
pulse amplification (CPA) technique [97].
To amplify a ps or sub-ps pulses using the CPA technique, the first step is to 
stretch the pulses using a grating-pair pulse stretcher [57] to generate a linearly 
frequency chirped pulse much longer than the original (durations range from a few 
hundred ps to about 1 ns). The next step is to amplify the stretched, chirped pulses 
to near the saturation energy of the laser amplifier whilst keeping its peak intensity 
below the critical value for non-linear effects. The final step involves recompression 
of the amplified, chirped pulse to the original pulse duration using a grating-pair 
pulse compressor [103]. By applying the CPA technique in a Ndiglass amplifier, a 
~  1 ps pulse with an energy of the order of 30 J has been achieved [85, 113].
1.2 Problem s w ith  CPA  Lasers
Tiisapphire has a bandwidth much larger than Ndiglass, and can be used to generate 
and amplify sub-100 fs pulses. However, the short storage time of a few microseconds 
precludes flashlamp pumping and makes laser pumping (using the second harmonic 
of a pulsed NdiYAG laser, for example) the only viable method. Recently, a CPA 
Tiisapphire laser has generated single pulse energies at 60 to 450 mJ level [40, 83], 
limited by laser pumping of the small scale amplifier. The need for laser pump­
ing makes development of higher energy systems very difficult. This problem has 
now potentially been overcome by the availability of new wide bandwidth materials 
such as CriLiSAF and CriLiCAF whose fluorescent lifetimes are sufficient to permit 
flashlamp pumping [79]. However, until very recently, Ndiglass was the only broad 
bandwidth solid-state amplifier available for CPA lasers which could amplify a pulse 
to an energy >> 1 J, due mainly to its long storage time of a few hundred microsec-
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onds which allowed it to be pumped easily by flashlamps on a large scale. For this 
reason, most of high energy (> 1 J) solid-state CPA lasers operate at Ndiglass lasing 
wavelengths of ~  1 fim.
Unfortunately, most Nd laser oscillators capable of generating pulse durations <
1 ps at ~  1 /im, such as additive-pulse mode-locked (APM) lasers [29, 43, 56, 92], 
were still in the stage of laboratory study and had generally poor stability when this 
work commenced. Additionally, sub-100 fs pulse oscillators based on TiiSapphire are 
also a very recent innovation although they are now capable of providing seed pulses 
matching the Nd:glass wavelength. However, these innovations have come rather late 
for the current generation of CPA Ndiglass laser systems which are based on the 
fiber-grating pulse compression scheme to generate ultra-short pulses starting with 
a relatively long pulse from a conventional lamp-pumped mode-locked NdiYAG or 
Nd:YLF laser oscillator [10, 24, 55, 76, 77, 87, 97]. For applications of these lasers, 
such as the study of ultra-short laser pulse interactions with matter, a very high 
intensity contrast ratio is essential. Due to the poor intensity contrast ratio (< 100) 
associated with a normal fiber-grating pulse compression scheme, the elimination of 
the pre-pulse emission is a major problem when developing such systems.
Several techniques have been employed in order to improve the intensity contrast. 
Spectral windowing [33] can efficiently clip both ends of a nonlinearly frequency 
chirped spectrum, but the compressed pulse is not Gaussian because the rectangular 
spectral shape still leads to a slowly decaying and oscillating tail on both sides of 
the main pulse. Perry et al. [77] used gain narrowing in the regenerative amplifier 
to suppress the nonlinearly frequency chirped spectrum and to shape the spectrum 
to a quasi-Gaussian shape, and consequently obtained a near Gaussian compressed 
pulse. By using these two methods, an intensity contrast ratio of ~  103 can be 
obtained [10, 77]. Unfortunately, the spectral shaping technique can not remove the 
frequency unshifted low intensity pre-pulse. To eliminate this pre-pulse emission, 
Chuang et al. [10] used a saturable absorber after amplification and compression, 
and obtained a contrast ratio of > 105. The technique of intensity discrimination of 
optical pulses in birefringent fibers was introduced by Stolen et al. [96] and Nikolaus
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et al. [73] and studied by many other reseachers [30, 84, 111]. Recently, Beaudoin 
et al. [4] applied this technique to a CPA laser, and obtained a contrast ratio of 
> 106. Using a fast Pockels cell to select the central portion of the pulse (where the 
frequency is linear chirped) before amplification and compression, Yamakawa et al 
[113] achieved a contrast ratio of > 107, which is the highest contrast ratio that has 
yet been reported.
At present, focussed intensities of lO20 W/cm2 are available, and in the next 
few years, the rapid development of CPA lasers should be possible to increase this 
intensity to the range of 1021 to 1023 W/cm2. However, the highest intensity contrast 
is about 107 at present, which is far below that required in many applications. 
Hence, enhancing the intensity contrast is still an major issue in the development 
of high intensity ultra-short pulse CPA lasers. Note that even if the problems 
associated with fiber-grating CPA lasers can be overcome, amplified spontaneous 
emission (ASE) from the amplifiers also can generate low intensity, long pre-pulses 
and can limit the maximum contrast ratio that can be achieved in a CPA laser [53], 
and ultimately this source must be eliminated.
In this work, we have developed a high contrast CPA Nd:glass laser system (based 
on a fiber-grating pulse compression scheme) at the Australian National University. 
To improve the intensity contrast, the techniques of spectral shaping, frequency 
doubling and optical parametric amplification have been studied in detail. Using 
the combination of these techniques, an intensity contrast ratio of > 108 for pulses 
at 1.053 fim and of > 1016 at 0.527 fim can be obtained from the CPA laser.
1.3 Thesis Outline
Chapter 2 is devoted to numerical modelling of the fiber-grating pulse compressor for 
determining the sources which lead to the pre-pulse emission. In addition, numerical 
modelling of contrast improvement using spectral shaping is also presented.
Chapter 3 describes the development of a CPA Nd:glass laser and the experimen­
tal studies of chirped pulse amplification and compression. This chapter also gives
5
the experimental results on contrast improvement based on the spectral shaping 
technique.
Since the spectral shaping method has its limitations in improving the intensity 
contrast, several other techniques have been explored in this study. A numerical 
study of highly efficient second harmonic conversion of ~  1 ps Nd laser pulses using 
group velocity mismatched frequency doubling in KDP is presented in Chapter 4. 
The intensity contrast improvement using frequency doubling is also numerically 
studied in this chapter.
In Chapter 5, the experiments on second harmonic conversion using group ve­
locity mismatched frequency doubling are described and the results demonstrating 
very high conversion efficiencies are presented. These experimental results are found 
in excellent agreement with what was predicted in Chapter 4.
Chapter 6 presents numerical results on contrast enhancement based on optical 
parametric amplification (OPA). Finally, Chapter 7 gives the conclusions.
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Chapter 2
A Numerical Study of a 
Fiber-grating Pulse Compressor
Optical pulse compression using a fiber-grating pulse compressor has become a stan­
dard technique for reducing the pulse duration outside a laser cavity [17, 26, 37, 41, 
73, 75, 98]. The principle of this technique can be described as follows. When a 
bandwidth-limited optical pulse is launched into a single mode optical fiber, self­
phase modulation (SPM) generates new frequencies in the power spectrum at dif­
ferent times during the pulse. At the same time, group velocity dispersion (GVD) 
increases the pulse duration. At the fiber output, an approximately linearly fre­
quency chirped pulse with a rectangular envelope is formed by the combined effects 
of SPM and GVD. Subsequently, the pulse can be compressed to a new bandwidth 
limit by a parallel grating pair, which introduces a frequency dependent time delay 
which recombines the frequency components of the pulse in the time domain.
One of the most important applications of a fiber-grating pulse compressor is 
in the development of high power ultra-short pulse laser systems for studying the 
interaction of intense laser light with matter. In such a laser system, a linearly 
frequency chirped pulse is generated by focusing a relatively long (~ 50 ps) pulse 
into a single-mode optical fiber. The pulse is then amplified to a high energy level 
using the so-called chirped pulse amplification (CPA) technique [97]. Finally, a
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parallel grating pair is employed to compress the pulse to a much shorter duration 
than available at the input to the fiber. Recently this kind of laser system has been 
proven able to produce a focussed intensity over lO20 W /cm 2 [85]. However, the 
useful intensity level is still limited by the pre-pulse emission associated with the 
compressed pulse.
The aim of this chapter is to use numerical modelling of a fiber-grating pulse 
compressor to determine the sources which lead to the pre-pulse emission. The 
chapter is organized as follows. The modelling of optical chirped pulse generation 
and compression are presented in Section 1 and Section 2 respectively. Section 3 
is devoted to a discussion of the sources which cause the pre-pulse emission on the 
compressed pulse. Section 4 is devoted to the numerical modelling of the contrast 
improvement using spectral shaping. A summary is given in Section 5.
2.1 M odelling O ptical C hirped P u lse  G eneration  
in a Single M ode O ptical F iber
2.1.1 Nonlinear Schrödinger Equation
In a single mode optical fiber, the refractive index can be expressed by [32]:
where no is the linear refractive index; the imaginary part, x> represents loss in the 
fiber; and «2 describes the intensity dependence of the nonlinear refractive index. 
Consider an optical pulse having an electrical field
which propagates in + z  direction. Here £  is the envelope of the electric field; u;0 
and k0 are the centre carrier frequency and wave vector respectively. If we assume 
that the electric field envelope £  varies slowly compared with the carrier and that
(2.1)
E(z,t ')  =  £(z , t ')  exp[—i(yjQt' — k0z)\ ( 2.2)
the nonlinear and dispersion effects are weak, the electric field envelope £  in a single
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mode optical fiber can be described by the nonlinear Schrödinger equation (in MKS 
units) [32, 65, 69]:
. ( d e  , ds \
l (d  ^+ l£ + k'dF)
k2d2E 1 n2j 
J W  ~ 2n0k°l£l £ (2.3)
where k0 = u?0no/c, c is speed of light in the vacuum; kx = dk/du 1  ^ is the inverse 
of the group velocity; k2 = d2k/duj21^ represents GVD, and 7 = xi^o^o/^o is the 
exponential decay factor.
Equation 2.3 can be reduced to a dimensionless equation [100]
O u  . 7T
d( = ~ l 4
by the transformation
s  =
t
h  ’
t =  t' — k xz
4 =
z 1r t \
Z o ~ 2  |fc2 |
e <• (  ^ 0U —
£1 ’ \ l n 2 ZQ
r  = I Z o
(2.4)
(2.5)
(2.6)
(2.7)
( 2.8)
where t\ is an arbitrary constant which is usually taken as the pulse duration; t 
is the retarded time variable and corresponds to calculating the pulse shape in the 
frame of reference moving at the group velocity fcf1, and the centre of the pulse 
for any distance z along the fiber is at t =  0; zq and £\ are the normalized length 
and electric field respectively; and finally « = k2/\k2\ is sign of the group velocity 
dispersion. In the case of positive (normal) GVD, ac = 1, whilst k = — 1 corresponds 
to negative (anomalous) GVD.
2.1.2 Algorithm
Equation 2.4 does not have a general analytical solution, but can be simply solved 
numerically by the Beam Propagation Method [25, 60]. On the right hand of Equa­
tion 2.4, the first and second terms represent the GVD and SPM respectively, whilst 
the last term denotes linear loss. Although these effects are simultaneously present,
9
u(^+A^,s) u(^+A^,s)
SPM +GVD+Loss
Figure 2.1: An optical pulse propagating through a thin segment of a fiber, £— £ -f A£, 
is equivalent to pulse propagation through three fibers that have the same thickness with 
only SPM, GVD and loss, present in each one respectively.
they still can be considered separately for a very thin segment of fiber. Consider 
an optical pulse propagating through a fiber from £ to £ + A£. Theoretically, if 
A£ is small enough, the combined effects of SPM, GVD and loss are equivalent to 
the sum of the individual effects (See Figure 2.1). Mathematically, we can split the 
Equation 2.4 into three equations
d u  . 7 T, .9
—— =  l — \U\U
d (  2
(SPM only) (2.9)
d u  . 7r d 2u
d£ ~  lK 4  d s 2
(GVD only) (2.10)
d uW = - r u (loss only) (2.11)
Solving the above equations in the fiber from £ to f 4- A£, we obtain
u(f + A£,s) =  ti({,s) exp(z^|u(£,s)|2A£) (SPM only) (2.12)
y+ oo  r y+ oo
ti(f + A£,s) = / / u(£, 5 ) exp(—iAuAs) ds
J —00 \.J—00
x exp(z/c^Ao/2A£) exp(z‘Au/s) d(Au//27r) (GVD only)(2.13) 
u(f + A£,s) = u(£,s) exp(—TA£) (loss only) (2.14)
After considering the combined effects of SPM, GVD and linear loss, u(f + A f,s) 
can be written in the following form, by using Equations 2.12, 2.13 and 2.14
u({ + A f , s )  =exp(—TAf) / /  u({,s) exp(i-|u ({ ,s)|2A{) exp(-iAu/s) ds
J — 00 U —00 z
10
x exp(i/c j A ü/ 2A£) exp(zAü/s) d(Au//27r) (2.15)
where Aw' =  Au;T0 =  (u — co0)T0. The formula 2.15 gives the relation u(£ +  
A £,s) in the terms of u(£,s). To obtain u(( +  A £,s), the Fast Fourier Transform 
(FFT) technique [81] can be used to calculate the (inverse) Fourier transform in 
Equation 2.15 when u(£,s) is known. Hence, when the initial condition u(£ =  0 ,s) 
is given, we can calculate the pulse envelope at any distance along the fiber by 
repeatedly using Equation 2.15. Convergence of the calculations can be achieved by 
reducing A£ until the output pulse envelope no longer changes.
In Equation 2.15, all the dimensionless parameters can be easily calculated from 
Equations 2.5, 2.6, 2.7 and 2.8. Assuming an input pulse envelope:
u ( 0 , i - )  =  Asech(1.76^-) (2.16)
JO Jo
where T0 is the pulse duration (FWHM of the intensity). According to Equation 2.7 
the amplitude A can be expressed as:
A-i (2.17)
Where P0 is the peak power of the input pulse and Pi is the normalized power which 
can be expressed as follows in the MKS units:
=  "°Aü '4.e/J  x 107 (W)
167rcn2 o^
where e0 and are the permittivity and permeability of free space respectively. 
A ej j  is the effective core area which for typical fiber parameters is fairly close to the 
actual core area [101]. Taking t x =  T0 from Equation 2.6, the normalized length z0 
can be rewritten as
*  2cT02 
A§|Z)|
by means of the relation D  =  (27rc/Aq)At2; where D is the GVD which is normally 
given in units of ps/nm /km  (MKS units must be used in Equation 2.19). Finally, 
the loss in an optical fiber is normally given in units of dB/km. In this case:
r  =  0.11151 ß z 0 ( 2.20)
where ß  is the loss in dB/km, and zq is in km.
11
2.1.3 Frequency Chirped Pulse Formation
To demonstrate linearly chirped pulse formation in a single mode optical fiber, 
Equation 2.15 has been solved numerically under the conditions: A = 100, T = 0 
(lossless), k = 1 (positive GVD) for the input pulse envelope given by Equation 2.16.
The results are shown in Figure 2.2. The left column shows the intensity as a 
function of time for various fiber lengths, and the right column shows the instan­
taneous frequency as a function of time corresponding to the pulse envelope of the 
left column. If we write u(( , t /T0) = \u(£,t/T0)\ exp[z^>(</T0)], the instantaneous 
frequency is:
Figure 2.2(a) and (e) give the input pulse shape and its instantaneous frequency. 
As the pulse propagates along the fiber, SPM generates the new frequencies, which 
are red-shifted (u? < u>0) at the leading edge of the pulse and blue-shifted (u> > u>o) 
at the trailing edge (see Figure 2.2(f)). In the case of positive GVD, the red-shifted 
light travels faster than the blue-shifted light, and this leads to pulse spreading 
(see Figure 2.2(b)). At the distance z / z0 = 0.005 (see Figure 2.2(c) and (g)), due 
to the combined effects of SPM and GVD, the pulse has developed steep leading 
and trailing edges, and additional frequencies are generated in those regions since 
the rapidly varying intensity results in a rapidly changing phase. The red-shifted 
light in the steep leading edge travels faster than, and overtakes, the frequency 
unshifted light in the tail of the pulse. A similar process occurs in the trailing edge. 
Thus in the leading and trailing regions, the pulse will contain light at two different 
frequencies, which will interfere and generate new frequencies. This phenomenon 
has been referred to as Optical Wave Breaking (OWB) by Tomlinson et al [100]. 
At z/ zq = 0.01 (see Figure 2.2(d) and (h)), the pulse envelope becomes nearly 
rectangular and the instantaneous frequency now contains a linear chirp over most 
of the pulse width. Interference fringes are also now clearly visible on the leading 
and trailing edges of the pulse due to OWB.
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Figure 2.2: The intensity as a function of time (left column) and instantaneous frequency 
as a function of time (right column) at different positions in the fiber.
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2.2 G rating-pair P u lse  C om pressor
When a positively chirped pulse (whose frequency increases with time) passes through 
a negative linearly dispersive delay line, because the high frequencies trailing edge 
of the pulse travels faster than the low frequency leading edge in the delay line, we 
can adjust the delay line so that trailing and leading edges of the pulse emerge from 
the delay line at same time. Hence the output pulse can be much shorter than the 
input pulse, or we say that the pulse is compressed. In the picosecond pulse region, 
a parallel grating pair can act as a positively chirped pulse compressor.
2.2.1 Frequency Dependent Phase Shift
When an optical pulse passes through a pair of parallel gratings, the different fre­
quencies of the pulse follow different paths and experience different group delays. 
It has been shown that [103] the group delay r  is equal to d $ /d u , where $ is the 
frequency dependent phase shift which will be derived in this section. It has also 
been proven that [7] the group delay is exactly equal to the path delay, that is
d<t> l(u)
T  “  f a  ~  ~
where / is the optical length through the grating pair as a function of frequency, c 
is the speed of light in the vacuum.
According to Figure 2.3, the optical length I = li + l2 can be expressed as [7]
l(u>) = G[sec9r(u>) + cos 0,- + sin 0, tg9r(u)\ (2.23)
where G is the perpendicular distance between the gratings, 0, and 9r are the incident 
and diffraction angles which satisfy the grating equation for first order diffraction:
sin0; -f sin0r(u;) = — (2.24)
a
where d is grating constant.
Substituting Equations 2.23 into 2.22 and expanding r  at lj0 to second order, we 
get [7]
t = —ac(u> -  u;0) + bc(u> -  u;0 ) 2 (2.25)
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Grating ^
Figure 2.3: Schematic of the grating pair pulse compressor.
where
dr
d r  =  —
A0G / a0\
2 i r c ^ \d )
1 d2r _ W G ( X 0\
2 du2 iw° “  V d )
1 -f sin Oi
1 — — sin Oi
1 — f  — — sin Oi
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( y - s i n ö . )
- 3/2
- 5 /2
(2.26)
(2.27)
Notice that we have ignored the frequency independent term in Equation 2.25 which 
simply induces an overall delay but does not affect the pulse envelope. Finally, the 
phase shift can be obtained by integrating Equation 2.25 with respect to u;. The 
result is, after ignoring the constant phase shift,
1 2 1 3 
$c(u) = —-a c(u;-Wq) + - b c(u>-LJ0) (2.28)
=  ~^ ac (w ~ u>o)2 (l ~ a~^~) (2.29)
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where
a  =
1 +  sin — sin Oij
i  -  ( 4  - s i  n 0 - ) 2
These are the desired results.
(2.30)
2.2.2 M odelling a Pulse Compressor
A grating pair through which an optical pulse is passed simply causes a frequency 
dependent phase shift $ c, so the process of the pulse compression can be is easily 
modelled in the frequency domain. If we assume that the Fourier transform of the 
input pulse is:
U(io) =  \U(u)\ exp[i$(u;)] (2.31)
then the Fourier transform of the compressed pulse can be expressed as:
Vc(u) =  \U(u)\ exp {i [$(cj) +  $ c(u;)]} (2.32)
Finally the envelope of the compressed pulse is determined by the inverse Fourier 
transform of Equation 2.32:
1 f+°°
=  —  / |Cf(w)| exp {i [$(u/) 4  * c(u>)]} e x p (- 2wt) du (2.33)
Ideally, if 3>(u;) 4  <I>c(u;) =  0 (which means that the frequency chirp of the input 
pulse is exactly cancelled after it passes though the grating pair), the envelope of 
compressed pulse is just given by the Fourier transform of the power spectrum of 
the input pulse. In this case, the pulse duration A tfwhm of the compressed pulse is 
the minimum available given by the transform-limit.
In the real situation, the frequency chirp on the output pulse from a fiber can 
not be exactly cancelled by the gratings. Fortunately, the pulse emerging from a 
fiber contains close to a linear chirp over most of the pulse width (see Figure 2.2(h)). 
In this region, the phase shift can be written as
$(w) =  i  ap(u -  u0)2 (2.34)
where av is the chirp parameter which is equal to the inverse of the slope of the 
linearly chirped part of u(t)  (and ap >  0 for a positive chirp). If we adjust the
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separation between the gratings so that the linear group delay term of Equation 2.25 
(corresponding to the quadratic phase shift in Equation 2.28) cancels the linear chirp 
on the pulse, it is possible to compress the pulse close to the transform-limit under 
the conditions where the second-order group delay in the compressor is sufficiently 
small.
Therefore, the optimum condition for the pulse compression is normally defined 
as [101]
-  uq)2 ~  0 (2.35)
where 4>(u>) is expressed in Equation 2.34. This condition can be met by adjusting 
the grating separation to make ac = ap. Theoretically, av can be obtained by 
making a least-squares fit of the linear function of u:(t) in the linearly frequency 
chirped region. Experimentally, it can be estimated by Af/^m/Au;, where A t fwhm 
and Au  are the measured duration and spectral bandwidth of the pulse emerging 
from the optical fiber.
2.2.3 The Effect of the Cubic Phase Shift
An optical pulse containing a linear frequency chirp can be compressed by a parallel 
grating pair. This occurs because the compressor induces a frequency dependent 
phase shift on the optical pulse as it passes through. In the small bandwidth limit, 
the phase shift can be expressed as a quadratic function of frequency, which will 
exactly cancel a linear frequency chirp on the input pulse and generate a bandwidth- 
limited compressed pulse. For large bandwidth, however, an additional cubic term 
becomes important and must be added to the relation between the phase shift and 
frequency, and it can cause additional pulse broadening and asymmetry in the pulse 
shape [58].
To study the effect of the cubic phase shift alone, we assume that the input pulse 
has a Gaussian envelope. As will be seen later, this corresponds the actual situation 
after amplification of the pulse from the fiber. Furthermore, a linear dependence of
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frequency with time is assumed so that its electric field can be written:
E(t) ~  exp
- 2 in 2 l4 ' 21
exp < —i
a ’0< +  5<^)<2 (2.36)
where T0 is the pulse duration, u;0 is centre carrier frequency, and ßc is the chirp 
parameter.
The Fourier transform of the electric field is
E(u)  ~  exp -2  In 2 LJ —_WoV 
Aujh ) exp i— — Wn)22 AuV  }
Where A i s  the frequency bandwidth which satisfies the relation:
(2.37)
AwtT0 = ^/(4 In 2 )2 + /J? (2.38)
According to Equation 2.32, the Fourier transform of the compressed pulse can be 
expressed as:
Ee(u>) ~  exp -2  In 2
/<*> -  cjqV
v“ä ^ t )
exp [i^(a;)] (2.39)
where
+ *«(“') (2-4°)
and 4>c is the phase shift induced by the grating compressor as the pulse propagates 
through it, which is given by Equation 2.29. Substituting Equation 2.29 into 2.40 
leads to:
= \£$u -“ ° )2 ■  W“ - w° )2 ( 1 -  (2 -4 i )
where a is given by Equation 2.30.
For the optimum compression, the quadratic phase shift of the pulse compressor 
exactly cancels the phase of the linearly chirped pulse. This requirement can be 
satisfied by taking:
ac = ft/Aw? (2.42)
In this case, Equation 2.41 can be written:
= l ß'2 Aw?
c (w -  Wo)" a ----------- (2.43)
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Note that the duration of the chirped pulse before compression is much greater 
than the transform-limited value, that is, Au^To >>  4 In2. From Equation 2.38, 
therefore, ßc «  AcobT0. Substituting this result in Equation 2.43 leads to
(2«>
where
C„ =  To(2 45j
is a dimensionless constant dependent on the input pulse and grating parameters.
The compressed pulse in the time domain can be obtained by substituting Equa­
tion 2.44 into 2.39 and then taking the inverse Fourier transform. The result is
Ee(t) ~  exp(-iioot) J  exp(—21n2Ai^) exp ( i^C nA v*^
x exp(—i27rAi/n/t„/) d(Ai/„/) (2.46)
where tni = Avt,t, and Avni =  (u; — uo)/A lji, = (u — i/o)/Ai/j,.
Figure 2.4 shows the intensity profile of the compressed pulse calculated from 
Equation 2.46 for Cn — 0 (dashed line) and Cn = 10 (solid line). For the case Cn = 0,
Figure 2.4: The normalized intensity of the compressed pulse as a function of time for 
Cn — 0 (dashed line) and Cn = 10 (solid line).
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the compressed pulse has a transform-limited Gaussian shape and maximum peak 
power. For the latter case, the pulse is evidently broadened and the peak power 
is dramatically reduced. In addition, the peak of the pulse is shifted toward the 
trailing edge, the envelope is asymmetric and it has along, oscillating tail.
To understand how Cn affects the compressed pulse duration and peak intensity, 
the time-bandwidth product A VbTfwhm and the normalized peak intensity \An/Ao\2 
of compressed pulse are plotted as function of Cn in Figure 2.5. As is evident, the 
time-bandwidth product increase from 0.44 for Cn — 0 to 0.71 for Cn =  10. This is 
accompanied by a decrease in the peak intensity from 1 to 0.54.
T3 0.5
Figure 2.5: The time-bandwidth product (solid line) and the normalized peak intensity 
(dashed line) as functions of Cn.
Figure 2.6 give the pulse shapes for different values of Cn =  0.5, 1, 2, and 3. 
For Cn =  0.5 (see Figure 2.6(a)), A VbTfwhm =  0-45 and |i4n/A 0|2 =  0.98. The 
compressed pulse remains Gaussian. For Cn =  1 (see Figure 2.6(b)), A VbTfwhm — 
0.47 and |An/Ao|2 =  0.95 and the pulse shape is still quite close to Gaussian. As 
Cn increases to 2 (see Figure 2.6(c)), A VbTfwhm — 0-51 and \An/A 0\2 =  0.87. As is 
evident, the pulse shape is no longer Gaussian, and the oscillating tail has developed.
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Figure 2.6: Comparison between the compressed pulse profile for Cn = 0 (dashed line) 
and that for (a) Cn = 0.5; (b) Cn = 1.0; (c) Cn = 2.0; and (d) Cn = 3.0 (solid lines).
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As Cn increases further to 3 (see Figure 2.6(d)), Av^Tj^m  = 0.54 and |An/Ao|2 = 
0.80 and more energy feeds into the oscillating tail significantly reducing the peak 
intensity.
According to above results, Cn < 1 can be used as a criterion for obtaining a high 
quality compressed pulse. In this condition, the compressed pulse has a very close 
to bandwidth-limited duration, high peak intensity and good shape. Alternatively, 
the criterion can be written as follows by using Equation 2.45
TpAuja <  ^
u>o
As an example, to obtain a 1 ps pulse at 1.053 /im wavelength, A v  = 16.4 Ä is 
required. If the linearly frequency chirped pulse to be compressed has a Gaussian 
envelope and duration To = 100 ps, then Equation 2.47 is satisfied if a < 2.3.
In Figure 2.7, the values of a are shown as a function of the incident angle 
Si for different grating constants at a wavelength of 1.053 /im. As can be seen, 
for 1/d = 1800 lines/mm it is very difficult to obtain values of a below 10 and, 
hence, such gratings are far from optimal. Theoretically, a smaller 1/d is better, 
however, the grating separation increases rapidly as 1/d decreases for a given ac 
(see Equation 2.26). Hence too small a value of 1/d will lead to impractically large 
grating separations. Therefore, a trade-off exists between the grating separation 
and the “quality” of the compressed pulse. In the above example a grating with 
1/d =  1200 lines/mm provides a good trade-off. To satisfy a < 2.3, the incident 
angle is chosen so that Si > 40°.
In this section, a simple and practical criterion has been developed to assist in 
the design of a compressor based on a simple model which assumes that the pulse 
to be compressed has a Gaussian shape and a linear dependence of frequency with 
time. Notice that although the criterion is developed specifically for a grating pulse 
compressor, the results can also be applied to other types of compressor, such as 
a prism pair [70], prism-gratings [6], and acousto-optic light deflectors [71], etc. It 
is only necessary to substitute an appropriate expression for a for the particular 
compressor under consideration for the above results to be applicable.
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Figure 2.7: The grating parameter a  as a function of the incident angle 0, at 1.053 /im for 
different grating constants: (a) d-1=800 lines/mm; (b) d-1 = 1200 lines/mm; (c) d-1 = 1600 
lines/mm; and (d) d-1 = 1800 lines/mm.
2.3 Sources o f P re-pu lse E m ission
An optical pulse compressed by a fiber-grating pulse compressor has a very low 
intensity contrast ratio (the ratio of the peak intensity to the pre-pulse intensity). 
In the following study, numerical simulations will be used to identify the sources 
which cause the pre-pulse emission.
In the simulations, the parameters that have been used are listed below.
INPUT PULSE PARAMETERS:
Wavelength: A = 1.053 /zm
Pulse shape: u(£,t/T0) = Asech(l.76t/T0)
Pulse duration: To = 35 ps 
Peak power: Pq = 50 W 
FIBER PARAMETERS:
Fiber core material: fused silica
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Linear refractive index: n0 = 1.45 
Nonlinear refractive index: n2 = 1.22 x 10“22 (m/V)2 
GVD: D = 30 ps/nm/km 
Loss: 7 =  0
Effective core area: Aeff  = 4.5 x 10~7 cm2 
Fiber length: 1 km
For the above parameters, z0 = 1.09 x 105 m, Pi = 3.43 x 10-3 W and A = 121. 
Calculations of the output from the fiber are shown in Figures 2.8 and 2.9. As is 
evident from Figure 2.8(a) the output pulse is transformed from sech2 to rectangular 
in time and develops some intensity modulations close to the leading and trailing 
edges. In frequency space (see Figure 2.8(b)), the main part of the pulse (region 
A) has a linear dependence of frequency with time. Near the edges, however, there 
are two regions where the frequency oscillates, one at the extremes of the frequency 
region (region B  and B'), and the other around the central frequency of the pulse 
(region C and C).  Figure 2.8(c) shows the spectrum of the pulse. As can be seen, 
the spectrum has a, square shape with sidelobes corresponding to the regions where 
the frequency changes nonlinearly (region B  and B'  in Figure 2.8(b)). The spectrum 
has bandwidth of about 35 Ä.
Figure 2.9(a) shows the compressed pulse under the optimum compression con­
ditions and with a =  3.0. The compressed pulse duration is 0.90 ps, corresponding 
to time-bandwidth product of 0.88 which is close to the bandwidth-limit for a rect­
angular pulse of 0.83. Figure 2.9(b) shows, using a log scale, the compressed pulse 
(solid line); the pulse launched into the fiber (dashed line); and the pulse emerging 
from the fiber (dashed-dot line). Evidently, the contrast ratio of compressed pulse is 
very poor. After compression, the linearly chirped region A in Figure 2.8(a) forms 
the main pulse; the region B  and B'  produce the pre-pulse and post-pulse; and 
region C and C  give the low intensity wings.
Note that the spectrum of the pulse emerging from the fiber has a rectangular
envelope which is not an ideal shape for compression. From Equation (2.33), for ideal
/
compression conditions, 4>(u;) + = 0, the compressed pulse vc(t) is just the
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Figure 2.8: (a) The intensity of the output pulse from the fiber as a function of time; (b) 
the instantaneous frequency of the pulse as function of time; and (c) the power spectrum 
of the pulse.
25
Figure 2.9: The intensity of the compressed pulse as a function of time: (a) linear scale, 
and (b) log scale. In the latter the pulse launched into the fiber (dashed) and that emerging 
from the fiber (dash-dot) are also shown.
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Fourier transform of the envelope of the spectrum \U(u>)\. Therefore, a rectangular 
spectral shape alone will lead to the formation of a slowly decaying oscillating tail on 
the compressed pulse. In Figure 2.9(a), the fast intensity oscillations appearing on 
either side of the main pulse arises primarily due to the rectangular spectral shape.
From the above simulation results, it can been concluded that there are three 
major sources that cause the pre-pulse emission: (a) the rectangular spectral shape 
leads to a slowly decaying oscillating tail on both sides of main compressed pulse; (b) 
the nonlinearly frequency chirped light leads to the formation of a subsidiary peak 
on the compressed pulse on both sides of the main pulse located around t = T0/2 to 
T0 from the main pulse; (c) the frequency unshifted light forms low intensity wings 
which appears at t > ±T0.
2.4 Numerical modelling of Contrast Enhancement 
by Spectral Shaping
A simple method to improve the intensity contrast is to remove the nonlinearly 
chirped components from the frequency spectrum and smooth the spectral shape 
[77]. In this section, we will numerically model the contrast enhancement achieved 
by using such a spectral shaping method.
Before starting the detailed study, it is necessary to know what the ideal spectral 
shape for compression actually is. It has been shown in the previous section that, in 
an ideal compression condition, the compressed pulse is simply the Fourier transform 
of the power spectrum (see Equation 2.33). In order to obtain an ideal Gaussian 
shape for the compressed pulse, a Gaussian-shaped spectrum is, therefore, required. 
As we deduced from the previous section, the spectrum of the pulse at the output 
of the fiber has a “square” shape. Thus a Gaussian-shaped bandpass filter can be 
used to re-shape this spectrum into a Gaussian profile.
In the following simulations, we assume that the amplitude transmission of a
27
Gaussian-shaped bandpass filter has following form:
T,(ui) = T,o exp 2 In 2 (2.48)
where Tao is the maximum transmission, Au>9 is the FWHM of the power transmis­
sion.
After spectral shaping, from Equation 2.33, the compressed pulse can be de­
scribed by
1 r +°°
vc(£) =  —  /  Ta(u) \U(uj)\ exp {i [$(u>) +  $ c(u>)]} exp(—icot) du. (2.49)
2 tt j  — oo
In the following calculations, we use the same laser and fiber parameters as those 
in Section 2.3, and the maximum spectral transmission Ta0 =  1. Figure 2.10(a) shows 
the calculated spectra after spectral shaping by using the filters with AAa =  15 Ä 
(solid curve) and AAa =  9 Ä (dashed curve) (AAa =  A2Au;a/(27rc)). Figure 2.10(b) 
shows the corresponding compressed pulse shapes.
For AAa =  15 Ä, the spectrum  has been shaped from the square to a near 
Gaussian profile, and the compressed pulse has a dominant short pulse and long pre- 
and post-pulses arising from the frequency unshifted light. The main pulse duration 
is 1.2 ps. The tim e-bandwidth product of the compressed pulse is 0.49, close to the 
tim e-bandwidth product for a Gaussian pulse. As is evident, the intensity contrast 
is improved after the spectral shaping, and is >  103. The main compressed pulse is 
a good fit to a Gaussian profile over three orders of intensity. Since the nonlinearly 
chirped frequency components are not totally removed, they are still apparent on 
either side of the spectrum  at relatively low intensities after spectral shaping with 
AAa =  15 Ä. They result in the formation of rapidly oscillating intensity regions 
near the main compressed pulse.
After spectral shaping using bandpass filter with AAS =  9 Ä, the spectrum  now 
has a Gaussian profile, and the compressed pulse has a duration of 1.8 ps, which 
is the exact transform  limit of a 9 Ä Gaussian spectrum. In this case, the main 
compressed pulse can be fitted w ith a Gaussian profile over six orders, although the 
pre- and post- pulses due to the unshifted frequency components are still present.
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Figure 2.10: (a) The spectral shape after spectral shaping with A A = 15 Ä (solid curve) 
and AA = 9 Ä (dashed curve); (b) the corresponding compressed pulse shape.
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2 5
Figure 2.11: (a) The pulse shape of the pulse emerging from a fiber, (b) the compressed 
pulse shape, dashed curve: z=0.5 km; dashed-dot curve: z=1.0 km; solid curve: z=1.5 
km.
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Spectral shaping can change the spectrum  to the required shape and can remove 
the energy from the nonlinearly chirped frequency components very efficiently, but 
it cannot directly remove the low intensity wings at the central frequency (see Figure 
2.10(b)). However, optical wave breaking can transfer the energy from the unshifted 
frequency components in the leading and trailing edges of the pulse, to extreme 
frequencies. The longer the fiber, the more energy will be transferred in this way. 
Hence, the combined use of a long fiber and a spectral filter can reduce the intensity 
of the unshifted frequency components and therefore their corresponding pre- and 
post- pulses.
Figure 2.11(a) shows the pulse shapes at the fiber output for various fiber lengths 
(dashed curve: z=0.5 km; dashed-dot curve: z = l km; and solid curve: z=1.5 km), 
while Figure 2.11(b) gives the compressed pulse shapes after spectral shaping with 
A A =  9 Ä. The compressed pulses have the same pulse durations of 1.8 ps (transform 
limit of the Gaussian spectrum). As is clearly shown in the figure, however, the 
contrast of the compressed pulses increases with the increasing fiber length.
However, there is a limit on the reduction of the intensity of the unshifted fre­
quency components th a t can be achieved by increasing the fiber length. In the above 
example, the output pulse from the fiber already has a square shape with a very 
flat top for a 1 km fiber (see Figure 2.11(a)). This means th a t, if the fiber length 
is further increased, self-phase modulation will be much less efficient in increasing 
the frequency in the main linearly frequency chirped region, whilst it is still very 
efficient in transferring energy from the sharp leading and trailing edges to extreme 
frequencies. This results in a reduction of the bandwidth at 1.5 km compared with 
th a t at z = l km (see Figure 2.12). If the fiber is too long, the pulse duration at the 
output of the fiber will also increase markedly due to  GVD, but not the bandwidth. 
In this case, a large grating separation would be required to compress such an output 
pulse from the fiber, and this may be impractical in some laboratory experiments.
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Figure 2.12: The power spectra of the output pulse from the fiber with various lengths: 
(a) z=0.5 km; (b) z=1.0 km; (c) z= 1.5 km.
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2.5 Sum m ary
Using numerical modelling of a fiber-grating pulse compressor, we have determined 
the sources which lead to the pre-pulse emission on the compressed pulse. To reduce 
the pre-pulse energy, the spectral shaping method has been studied numerically. It 
has been found that spectral shaping can very efficiently remove the energy from 
the nonlinearly chirped frequency components and can change the spectrum to the 
required Gaussian profile. It can, thus, improve the intensity contrast of the com­
pressed pulse. However, spectral shaping cannot directly remove the energy in the 
frequency unshifted light which also produces pre- and post-pulses. We have shown 
that using a relatively long fiber can help reduce the energy of this frequency un­
shifted light due to the optical wave breaking effect, but this method has its limita­
tions. To remove those parts of the energy more efficiently, it is necessary to explore 
some other techniques.
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Chapter 3
Chirped Pulse Am plification and 
Compression
Chirped pulse amplification has become a standard technique for generating high 
power, ultra-short pulses. Until very recently, most of the CPA Ndiglass laser sys­
tems were based on the fiber-grating pulse compression scheme to generate ultra- 
short pulses starting with a relatively long pulse, because alternative laser oscillators 
which could generate pulse durations < 1 ps at ~  1 fim such, as the additive-pulse 
mode-locked (APM) laser [92] were still in the stage of laboratory study. For many 
applications of CPA lasers such as the study of ultra-short laser pulse interaction 
with matter, a high intensity contrast ratio is essential. Due to the poor inten­
sity contrast ratio associated with a normal fiber-grating pulse compression scheme, 
the elimination of the pre-pulse emission is a major problem when developing such 
systems.
In this chapter, an experimental study of a fiber-grating pulse compression sys­
tem using chirped pulse amplification will be presented. Using the spectral shaping 
technique, an intensity contrast > 103 has been achieved in our CPA leiser.
This chapter is organized as follows. Section 1 is devoted to a discussion of ultra- 
short pulse measurements, based on autocorrelation techniques. This technique is 
used for measuring the pulse duration and analysing the pulse shape in the follow-
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ing sections. Section 2 describes the CPA laser system developed at the Australian 
National University (ANU). Section 3 presents the experimental studies the spectral 
shaping technique for lowering the pre-pulse levels. Section 4 discusses the experi­
mental results on the chirped pulse compression. A brief summary is finally given 
in Section 5.
3.1 Measurements of the Duration of Ultra-Short 
Pulses
Optical pulse measurements can be divided into direct and indirect methods. The 
current generation of the streak cameras, the fastest tools for direct meetsurements, 
have time resolutions around 1 ps. As the pulse duration shortens into the femtosec­
ond range, direct measurements become very difficult or are impossible. However, 
the duration of femtosecond pulses, as well as picosecond pulses, can be determined 
indirectly by the measurement of their intensity (or interferometric) autocorrelation 
functions by means of some nonlinear optical techniques, such as second harmonic 
generation (SHG) [109], two photon fluorescence (TPF) [28], and degenerate four 
wave mixing (DFWM) [88], etc.
In the infrared and visible frequency range, SHG in a nonlinear medium is 
the most popular method for pulse duration measurements, because it can sup­
ply very high time resolution [26]; give “background free” measurements [109]; and 
be adapted for use with single pulses [42]. Therefore, it is very suitable for measuring 
pulses from a Nd leiser and its second harmonic (SH) frequency.
In this section, both CW and single-shot autocorrelators are described which were 
developed for the experiments involving measurement and analysis of the ultra-short 
pulses produced from the ANU laser.
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Figure 3.1: The layout of the CW autocorrelator.
3.1.1 Theoretical Background to Autocorrelators
The spatial length of an optical pulse is given by lp =  cT0, where c is the speed of 
light in vacuum and To is the pulse duration. For a pulse duration T0 = 1 ps, the 
spatial length of the pulse is lp = 0.3 mm which is an easy distance to measure if we 
can transfer the measurement from the time to space domain. This is the basic idea 
underlying the measurement of ultra-short pulse durations using an autocorrelator.
An autocorrelator used for measuring the duration of the output pulse from a 
CW mode-locked laser is normally referred to as a CW autocorrelator. Figure 3.1 
shows the schematic diagram of a CW autocorrelator based on the noncollinear 
second harmonic generation (NSHG) technique. The input beam (pulse train) is 
divided into two equal intensity beams. One of them passes through the fixed path, 
and the other passes through a variable path. The relative delay r  between the two 
beams can be produced by changing the length of the variable path. Finally, the two 
beams are focused into a SHG crystal. Since the interacting beams are noncollinear, 
the SH signal is generated only in the range where the incident pulses overlap. The
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direction of the SH beam satisfies the phase matching condition
k£w = ky + kSf (3.1)
where k" and k£ are the wave vectors of the two incident pulses, and k ^  is the wave 
vector of the SH pulse. For small signal conversion, the instantaneous intensity of 
the SH signal is proportional to I(t)I(t — r). Since the response time of the detector 
is much longer than the pulse duration, the recorded SH signal 5(r) is proportional 
to the time integral of the intensity, i.e. the intensity autocorrelation G(t ) [45]
S(t) oc r  I(t)I(t -  r)dt = G(t) (3.2)
J —oo
To determine the pulse duration from the recorded signal 5 (r), the recorded 
signal S(t ) should be first normalized. From Equation 3.2, one can obtain
S(t)/S(0) = G(r)/G(0) (3.3)
which shows that the normalized recorded signal is actually the normalized intensity 
autocorrelation function. If the pulse shape is known, the pulse duration (FWHM 
of the intensity) can be calculated from a measurement of the width Ar0 (FWHM 
of the G(t)) of the autocorrelation function.
Table 3.1: The ratios between the FWHM (Ar0) of the pulse 
autocorrelation function and the pulse duration (To), and the time- 
bandwidth product for three given pulse shapes.
Pulse Shape Aro/To A uTq
m  = '
1 if 0 < t< 
0 otherwise
1 0.886
I(t) =  exp[—4 In 2(f/T0)2] 1.414 0.441
I(t) =sech2(1.7 6t/T0) 1.55 0.315
Table 3.1 lists the ratios between the FWHM of the autocorrelation function and 
the pulse duration as well as the time-bandwidth product, for three different pulse
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shapes. The bandwidth-time product can be used to check whether the measured 
pulse is equivalent to its transform limited duration. If the pulse shape is unknown, 
it is necessary to fit the autocorrelation curve numerically using the pre-assumed 
pulse shape.
For high energy laser systems, the repetition rate is limited to a few pulses per 
second (or less). In this instance, the above autocorrelator arrangement is inconve­
nient because it would be very time consuming to record the whole autocorrelation 
trace. In addition, the energy jitter of the pulse between each shot would reduce 
the accuracy of the measurement. To overcome these problems, a single pulse mea­
surement technique has been developed [36, 42] based on the idea of imprinting the 
autocorrelation signal on the transverse intensity distribution of the SH beam. The 
SH signal is then recorded by a detector array which images this distribution. Thus, 
a whole autocorrelation trace can be recorded from one single pulse.
Figure 3.2 show the schematic diagram of a single shot autocorrelator based on 
the NSHG technique. Two incident pulses are generated by a beam splitter and 
intersect in the SHG crystal at an angle <j>. Let us assume that the beam diameter 
Df, is large compared with the spatial length of the light pulse, lp = cTo, so that the 
intensity distribution of the beams normal to the direction where the SH is emitted is 
uniform in the region where the pulses overlap. Let the two incident pulses have the 
same temporal intensity profile I(t), and the SH signals have a spatial distribution 
S(x)  (assuming x=0 at the centre of SH beam). It can be simply demonstrated [86] 
that the relative delay of the incident pulses interacting in the crystal is independent 
of the y position for a fixed x. Hence, the instantaneous intensity of the SH pulse 
at any point for a given x is proportional to I(t)I(t  — r) with the relative delay r  
given by
2sin(^>/2) 
------------ x
V9
(3.4)
where vg is the group velocity of the incident pulse in the crystal. Using a slow 
detector response, the recorded signal is proportional to the time integral of the SH 
intensity, i.e., the intensity autocorrelation G(r)
S(x)  oc f  — r)dt =  G(t ).
J —oo
(3.5)
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SHG Crystal
Figure 3.2: Schematic diagram of a single shot autocorrelator based on noncollinear 
second harmonic generation.
Let AXo be the FWHM of the recorded signal 5(x). The autocorrelation width Ar0 
can be obtained from Equation 3.4
2sin(0/2)
A To = ----------- -Ax0. (3.6)
V9
To determine the absolute value of Ar0 from Equation 3.6, it is necessary to know 
the exact values of the angle (f> and the group velocity vg. However, there is a 
very simple and practical method for calibrating the autocorrelator [86]. When a 
time delay A7i is added to one of the incident pulses, the recorded signal will be 
S(x  + Axi), i.e., the whole of the SH trace 5(x) will be shifted by Axi along the x 
axis. From Equation 3.4, one can obtain
Arx 2sin(0/2)
Axj vg
Substituting this result into Equation 3.6 yields
(3.7)
(3.8)
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The pulse duration can be the determined from the measured A tq using the same 
method as that discussed in the earlier part of this section.
3.1.2 CW Autocorrelator
The experimental layout of the CW autocorrelator is shown in Figure 3.3. The beam
Variable Delay Unit 2 M3 Beam Splitter
Filter Photomultiplier
Aperture
PI • P3 : Prism 
Ml • M4: Mirror
Variable Delay Unit 1 X-Y Recorder Oscilloscope
Figure 3.3: The experimental arrangement of the CW autocorrelator.
splitter produced two replicas of the incident pulse (train), which passed through 
the variable delay units 1 and 2, respectively. The two pulses were then directed 
parallel, but not collinear, and focused by a lens (focal length =130 mm) into a SHG 
crystal (LÜO3 , 1 mm thick). The SH signal was generated at the angle bisecting 
that between the two fundamental beams, and was detected by a photomultiplier. 
A green bandpass filter in front of the photomultiplier was used to suppress the 
light scattered from the fundamental beam and other undesirable frequencies. The 
output signal from the photomultiplier was recorded on either a X-Y recorder or an 
oscilloscope depending on which variable delay unit was used.
In the delay unit 1 , the delay was varied by a prism driven by the stepper motor
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(0.025mm/step) at a speed of 10 step/s or 100 step/s via a pantograph to reduce 
the step distance by ratios of 1:1, 2:1, 5:1, 7.5:1, 10:1 or 20:1. The maximum delay 
that could be provided by this unit was ±300 ps. The SH signal was detected by 
the photomultiplier and then recorded on an X-Y recorder.
In the delay unit 2, the variable delay was provided by a rotating prism driven by 
a motor at 1800 rpm. The input beam was retroreflected by the rotating prism P2 
with a horizontal displacement, then the stationary prism P3 reflected the beam back 
to P2 but with a vertical displacement. The beam reflected again by P2 emerged 
parallel to the incident beam but displaced below it. A mirror M3 placed under the 
incident beam further reflected the beam in the required direction.
When the path length of the variable delay unit 1 is adjusted such that the time 
delay of two incident pulses in the crystal is zero at 9 = 0 (see Figure 3.4), it can 
be shown that the relative delay between the two incident pulses at the entrance to 
the crystal is given by
r 4/,g(Q 
c
for a small angle ( — 10° < 0(t) < ±10°). In Equation 3.9 6 is in radians.
When the prism P2 rotates at a constant angular speed, the time delay introduced
Figure 3.4: The spinning prism is used to induce the variable delay.
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3  0.5
Time Delay
Figure 3.5: The measured autocorrelation trace, where the delay unit 1 is used for gen­
erating the delay.
by this delay unit varies linearly with time. The maximum delay depends on lp and 
the maximum usable angle of 6 for the total internal reflection to occur in the prism. 
In our experiments, the maximum usable angle was 6 <  ±5.2°, and lv = 75 mm, so 
the maximum delay, was about ± 180  ps.
The compressed CW mode-locked Nd:YLF laser pulses were used to test the 
autocorrelator. The pulses had the duration of ~  1 ps at a repetition rate of 76 
MHz (see Section 3.2). The measured autocorrelation trace of these pulses is shown 
in Figure 3.5, where the delay unit 1 was used to introduce the delay. The FWHM 
of the autocorrelation trace was Ar0 =  1.1 ps, and the corresponding pulse duration 
was 0.7 ps, assuming a sech2 pulse shape.
To use delay unit 2 for the same measurement, it is firstly necessary to calibrate 
the time delay introduced by the rotating prism. In our experiments, a double 
pulse technique was developed to calibrate the autocorrelator. This involves two 
procedures, (1) the generation of the double pulse with a known separation from a 
single input pulse; and (2) the calibration of the time delay using this double pulse.
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KDP Crystal Polarizer
Figure 3.6: Schematic of double pulse generation from a single pulse.
Figure 3.6 shows the experimental arrangement for double pulse generation from 
a single pulse. Due to double refraction in KDP crystals, a linearly polarized input 
pulse is split into the two crossed, o- and e-polarized pulses, and they travel at 
their respective group velocities through the crystal (in a KDP crystal the e-pulse 
travels faster than the o-pulse). The output pulses from the crystal have a relative 
time delay of At =  Lc\l/v° — l/v j|, where Lc is the crystal thickness, v° and vg 
are the group velocities of the o- and e- pulses, respectively. By passing the pulses 
through the polarizer, it is possible to generate a linearly polarized double pulse as 
is required.
The shape of the autocorrelation function of the twin pulses is shown in Figure 
3.7. When there is no relative delay between the two incident beams (i.e., r  = 0), 
the pulses in the two beams completely overlap, and the maximum SH signal is 
generated; when r  ^  0, the pulses in the two beams will be separated, and the SH 
signal will be reduced; when r  = ±A t, however, the first pulse in one beam overlaps 
with the second pulse in the other beam, and two sub-peaks of SH signal are created. 
When |r| At, the SH signal drops to zero. Hence, there are three peaks in the 
autocorrelation function and the time delay between the two sub-peaks is exactly 
twice separation of the double pulses.
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x=-At
Figure 3.7: An illustration of a double pulse autocorrelation trace.
Figure 3.8(a) shows the autocorrelation trace of the double pulses recorded by 
the oscilloscope. In the experiment, a 2.5 cm KDP crystal, cut at 59.2° between the 
normal of the crystal surface and the optic axis, was used to produce the twin-pulses. 
When the beam was close to normal incidence, the group velocities of the o- and 
e- pulses were v° =  1.9664 x 108 m/s and v' = 2.0188 x 108 m/s at 1.053 fim  (see 
Table 4.1 in Chapter 4). Hence, the output pulses from the crystal were separated 
by A t =3.30 ps. From Figure 3.8(a), the calibration constant was 2.44 ps/10 fis. 
Note that the calibration can also be performed by inserting a glass plate of known 
thickness into one of the beams. The advantage of the double pulse technique is 
that it is free of the errors caused by the trigger jitter in the measurement system.
Figure 3.8(b) shows the measured autocorrelation trace of the compressed pulse. 
Again the measured pulse duration was 0.7 ps, which is exactly the same as the
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(a)
____________L
0
Time Delay
>
Figure 3.8: (a) The measured autocorrelation trace of the double pulses, which gives 
the calibration constant is 2.44 ps/10 /is. (b) the measured autocorrelation trace vs the 
time delay for a single pulse. The FWHM of the autocorrelation trace is 1.0 ps, the 
corresponding pulse duration is 0.7 ps (assuming a sech2 pulse profile).
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value measured using the delay unit 1.
3.1.3 Single Shot Autocorrelator
Figure 3.9 shows the experimental arrangement of the single shot autocorrelator. 
The beam splitter divided the input pulse into two pulses with equal intensities. 
Having passed through two different paths with an approximately equal length, 
the two pulses cross in a (10 x 10) x 1 mm 90°-cut KDP(I) crystal with angular 
seperation between the beams, (f) ~  20°. The SH beam generated in the crystal was 
imaged (with magnification=l) by a lens (focal length = 15 cm) onto the surface of 
a Reticon detector array which recorded the intensity distribution of the SH beam 
in the transverse direction. A micro-computer was used to display the measured 
signal and save the data. An aperture and a bandpass filter were placed in front of 
the detector array to suppress the light from the fundamental and other undesirable 
frequencies. To calibrate the autocorrelator, a known time delay was introduced 
between the two pulses by moving the prism using a micrometer (see Section 3.2.1). 
For this autocorrelator, the maximum time delay was determined by the width of
Mirror
Beam Splitter
Reticon
Detector
KDP (I) Filter
Mirror
Aperture
Prism
Variable Delay
Figure 3.9: Experimental arrangement of the single shot autocorrelator.
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Figure 3.10: The Normalized SH signal vs the time delay. The FWHM of the autocorre­
lation trace is A t  = 1.7 ps, which gives a pulse duration T0 =1.2 ps (assuming a Gaussian 
pulse shape).
the crystal. According to Equation 3.7 and 3.8, the maximum time delay was ~  ±  
9 ps for (f> «  20°, vg «  0.2 mm/ps at 1.053 fim for o-polarization (see Table 4.1 in 
Chapter 4) and \AX\ = ±  5 mm.
A single shot pulse from a CPA laser (see Section 3.4) was measured using this 
autocorrelator. Figure 3.10 shows the measured autocorrelation trace. The FWHM 
of the autocorrelation trace is 1.7 ps, which gives a pulse duration of 1.2 ps (assuming 
a Gaussian pulse shape).
3.2 CPA Ndrglass laser
The schematic of the CPA laser system developed at the ANU is shown in Figure 
3.11. The system consists of five stages described as follows.
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Figure 3.11: The schematic set-up of the CPA laser system.
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(1) Chirped P u lse  G eneration:
A CW mode-locked Nd:YLF laser (Coherent ANTARES) produces a 76 MHz train
of 52 ps pulses at a wavelength of 1.053 fim. Light transmitted through the low
transmission mirror from the oscillator was used to monitor the mode locked train
using a fast photodiode and sampling oscilloscope. Although the time resolution was
about 90 ps for the combination of the photodiode and the sampling oscilloscope,
which was not good enough for the pulse duration to be measured directly, the
signal was sensitive enough for optimizing and monitoring the mode-locked laser.
The pulse duration at the laser output was measured using the CW autocorrelator
(solid line)
described in the last section and its autocorrelation tracers shown in Figure 3.12. 
The pulse was well fitted by a Gaussian with a 52 ps duration (dashed line).
About 1 W of average power from the laser was coupled into a 1.0 km long 
single mode optical fiber (core diameter D=7.5 /xm, GVD=30ps/nm/km, loss=0.88 
dB/km). Note that the fiber used here was greater than the “optimum length” of 
~  800 m calculated according to Tomlinson et al [101]. This is because a longer 
fiber can help reduce the intensity of the frequency unshifted light and improve the 
intensity contrast when a spectral shaping technique is applied (see Chapter 2).
Time Delay
Figure 3.12: The autocorrelation trace of the Nd:YLF laser output pulse. The pulse 
duration was 52 ps and well fitted by a Gaussian profile.
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The Faraday isolator placed in front of the fiber was used to prevent the beam being 
reflected from the fiber end back into the oscillator. At the fiber output, a linearly 
frequency chirped pulse (positively chirped) was generated due to the combined 
effects of SPM and GVD. Because of the existence of a small linear birefringence in 
the fiber (which was caused by the fiber bending, twisting, etc.), and the intensity 
dependent polarization rotation effect [96], the output pulse was no longer linearly 
polarized. Half wave plates were placed at both ends of the fiber to adjust the 
polarization state and to obtain the maximum energy transmission through the 
polarizer P0L3.
Figure 3.13 shows the power spectrum and the autocorrelation trace of the output 
pulse from the fiber at an incident peak power of 93 W. The square-shaped spectrum 
with a bandwidth of 42 Ä, and the triangle-shaped autocorrelation trace, showed 
that the fiber output pulse had rectangular shape with a pulse duration of 183±10 ps. 
In order to extract the energy more efficiently from the amplifiers, it was necessary 
to further stretch the pulse duration before amplification.
(2) P u lse  Stretching:
To stretch a positively chirped pulse (or convert an initially unchirped pulse into a 
positively chirped pulse) requires an optical delay line in which the highest frequency 
component of the pulse has the largest time delay. Based on a design using two 
identical gratings, there are two basic arrangements for a pulse stretcher [57] , i.e. 
the two gratings can be parallel or anti-parallel, as shown in Figure 3.14. In order 
to remove the angular dispersion induced by the first grating, an optical imaging 
system has to be used.
Assuming the ray transfer matrix of the imaging system has a form:
M3 =
Am B m  
C m  D m
For the anti-parallel case, an imaging system with an angular magnification of -1 
is required. This leads to Cm =  0, and Dm = — 1. The matrix satisfies Am Cm —
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Time Delay
Figure 3.13: (a) The power spectrum of the fiber output pulse; (b) the autocorrelation 
trace of the fiber output pulse.
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Figure 3.14: Two basic arrangements of a pulse stretcher: (a) The two gratings are 
anti-parallel, and (b) they are parallel.
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BmD\f = 1 [112], resulting in Am = — 1. For the parallel case, an imaging system 
with +1 angular magnification is required, so Cm = 0, and Dm = 1, and Am — 1.
As a pulse passes through the pulse stretcher (from the input to the output 
reference plane), the optical path difference, A / = / a0- a a /2 — ^Ao+ a a /2? between the 
frequency components at A0 — A A/2 and A0 + A A/2 is derived as follows. At the 
image point O', all the frequency components pass through the same optical length, 
so the optical path difference at the output reference plane is given by
A/ = (Ibo• — I AO') +  I AC (3.10)
where
Ibo1 — I AO' ~  /E£>tan0o (3-11)
lAO a  — ^ r  sin 0,- (3.12)
COS(/q
and
Ied ~  {z0> -  z2) A6 = (z0> -  z2) (3.13)d cos uq
Replacing Ied in Equations 3.11 and 3.12 by 3.13, and then substituting Equations 
3.11 and 3.12 into 3.10 yields
= A0AA (z0> -  z2) 
d2 cos2 0Q
where the imaging position z0> (> 0) is obtained by calculating the transform matrix 
from 0  to O', and its values are z0> =  Bm — Zi and —BM — zx for the anti-parallel 
and parallel arrangements respectively.
If the group velocity dispersion in the optical elements (lenses) used in the imag­
ing system is negligible, the group delay will be exactly the same as the optical path 
delay. In this case, as a positively chirped (or unchirped) pulse with a bandwidth 
of A A f whm passes through the stretcher, the pulse duration will increase by
A o A A f x v hm  ( Z 01 Z 2 )
cd2 cos2 0q
(3.15)
In the single-pass arrangement, the output beam from the stretcher is elliptical 
and is difficult to transport through the rest of the laser amplifiers. To obtain a
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circular beam profile, a double-pass configuration can be used by retroreflecting the 
output beam back through the stretcher. In this case, Equation 3.15 can be written 
as
A /  -  2 ^ O ^ M m  {Zq> -  z2) 
sp cd2 cos2 0o
In our experiment, a double-pass configuration was chosen. In the arrange­
ment, two diffraction gratings (d-1=1200 lines/mm) were arranged in parallel. The 
imaging system consisted of two pairs of lenses ( / i= l  m, / 2= 0.1 m) and each pair 
formed a confocal telescope. To achieve +1 angular magnification, the second tele­
scope was arranged reversed relative to the first one. For this imaging system, 
B \f =  M 2z — + / 2), here M  =  / 1//2 is the magnification of the telescope and
z is the separation of the two telescopes (see Figure 3.11). After the pulse double 
passes through the stretcher, the pulse duration is increased by
(3.17)
cd2 cos2 0O
In the condition of Z\ «  0.35 m, z2 ~  0.42 m, z »  0.17 m, 0, ~  46°, 0r ~  33°, A0 = 
1.053 /im, and AA = 42 Ä, the calculated increase in the pulse duration is Atdp = 
256 ps, and the stretcher output pulse is 439 ps for the incident pulse duration of 
183 ps. In these conditions, the measured pulse duration was 417 ps and agreed 
with the calculation within 5%.
(3) Regenerative Amplification:
Before injecting the stretched pulse into a conventional Nd:glass amplifier chain, 
a regenerative amplifier is required to pre-amplify the pulse energy from 1 nJ to 
the few mJ level. We chose the ring geometry for the regenerative amplifier (see 
Figure 3.11). This is because in the case of a standing wave regenerative amplifier, 
de-polarization of the circulating beam caused in the optics, such as the laser rod, 
will lead to a fraction of the amplified power being focused back onto the output of 
the optical fiber, and this can be sufficient to damage the fiber because the gain in 
the regenerative amplifier is very high (~ 107). Thus, to avoid this reflected beam 
from a standing wave amplifier, it is necessary to use a very efficient optical isolator
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such as Faraday rotator between the regenerative amplifier and the fiber. The ring 
geometry overcomes this problem. Furthermore, the ring geometry allows the pulse 
to be switched out of the regenerative amplifier spatially separated from the input 
beam.
Note that in the amplification process, pulse distortions caused by SPM and 
saturation effects in a regenerative amplifier can reduce the intensity contrast ratio 
of the amplified pulse [10]. To avoid saturation in the amplifier, we have to ensure 
that the amplifier always operates in the small signal regime and thus the energy 
extracted in the amplified pulse is much less than the the stored energy in the 
amplifier. In order to reduce the pulse distortions caused by SPM, we can reduce 
the number of passes in the regenerative amplifier to reduce effective length of the 
amplifier, consequently, minimizing the total B —integral of the pulse [53]. Thus, to 
achieve the required gain, a high gain amplifier should be used. Therefore, cavity 
dumping was used to extract the pulse from the ring well before saturation occurred. 
Note that this introduces some operational difficulties, namely that the pulse cannot 
remain in the ring long enough to reach the saturation energy density of the Nd:glass 
because, with high gain, the pulse energy density would then exceed the damage 
threshold of the components.
In the experiment, the ring cavity consisted of a concave mirror (M8) with radius 
of 5 m, a flat mirror (M9) and a thin film polarizer (TFP). The p-polarized seed 
pulse entered the ring regenerative amplifier after passing through the TFP. The 
pulse passed though the Pockels cell (PC2) for the first time with no applied voltage, 
and its p-polarization was unchanged. When the pulse passed through the half wave 
plate (A/2), its polarization state was changed from p to s. After passing through 
the amplifier, the s-polarized pulse was redirected by the mirrors (M8 and M9) 
back to the TFP and was then reflected by the TFP. The Pockels cell had been 
switched to a half-wave voltage (3200 V) during the first transit of the ring, and 
hence the combination of the Pockels cell and half-wave plate no longer affected 
the polarization of the pulse. Therefore, the s-polarized pulse was trapped in the 
cavity. After the desired number of round trips (11), the amplified pulse was dumped
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through the polarizer by dropping the voltage on the Pockels cell back to zero.
A 6 mm in diameter phosphate Nd:glass rod (Kigre Q98) was used as the ampli­
fier since its fluorescence peak at 1.053 /zm was a reasonable match to the Nd:YLF 
oscillator wavelength. The optical length of the cavity was about 2 m. To stablize 
the TEMoo mode, a lens with 75 cm focal length was placed inside the resonator near 
the laser rod. An aperture was used to discriminate against higher transverse modes 
and to reduce the noise caused by amplified spontaneous emission [78]. Initially, a 
single lamp pumped elliptical reflector was used. In this case, it was proved difficult 
to obtain a circular output beam because the gain across the rod was not very uni­
form (the highest gain lay close to the flash lamp). To overcome this nonuniformity, 
a double lamp pumped twin-elliptical reflector is currently used in our laser system 
(Kigre FD254).
A single high voltage pulse generator was used to drive the Pockels cell and the 
electronic circuit diagram is shown in Figure 3.15. An avalanche bank is formed by 
the transistors, Q1 to Q21. The selected transistors have their avalanche threshold 
at about 180 V, and a maximum operating voltage above 230 V. To ensure the same 
voltage appeared across all the transistors, a voltage divider was used formed by the 
resistor chain (R1 to R21). The external electrodes of the Pockels cell were linked 
together by a 75 fl coaxial cable (named delay line 1), with one end connected to 
the high voltage end of the avalanche bank. Initially, no voltage was present across 
the Pockels cell since its two ends were at the same voltage relative to ground. The 
voltage across the avalanche bank could be switched abruptly to ~  0 by triggering 
transistor Q21. The voltage at point A dropped quickly to zero, but not at the 
point B because the electrical signal required some time to propagate from A to 
B along the coaxial cable (the capacitance of the Pockels cell was very much less 
than the capacitance of the coaxial cable). The voltage across the Pockels cell was 
Vpc =  Vß — Va =  Knax> where Vmax is the initial voltage across the avalanche bank. 
After the time delay Lcab/vcab, where Lcab is the cable length and vcab is the speed of 
the electrical signal in the coaxial cable, the voltage at point B also dropped to zero, 
therefore, Vpc =  0. To avoid signal reflection from B , another impedance matched
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Figure 3.15: Pockels cell driver circuit.
coaxial cable (delay line 2) was used. Hence, the voltage across the Pockels cell as 
a function of time was a single square pulse with a pulse width equal to the time 
delay induced by the delay cable 1. This proved a simple and reliable Pockels cell 
driver with the fail safe feature that it is almost impossible for a pulse injected into 
the ring amplifier not to be dumped after the required number of round trips. This 
enabled the ring amplifier to be operated with a stored energy >■ extracted energy 
in a single pulse for the reasons described above.
Figure 3.16 shows the voltage as a function of time measured at points A and 
B. The voltage across the Pockels cell, Vpc = Vg — Va , had a square shape, and the 
maximum voltage was 3.2 kV. The rise time of the pulse (from 10% to 90% of the 
maximum voltage) was 5 ns, and the fall time was about 7 ns. It can be seen from 
Figure 3.16 that the minimum voltages at points A and B  do not drop exactly to 
zero, which can be explained as follows. After the transistors avalanche, the current
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Figure 3.16: The voltage at points A and B vs time.
is still flowing from the cable into the transistor chain and a small resistance exists 
in the transistors. This leads to the voltage across the avalanche bank not dropping 
to zero. Therefore, the avalanche bank requires a higher initial voltage to switch the 
exact half wave voltage onto the Pockels cell (4.23 kV in our case).
Using this regenerative ring amplifier, the seed pulse energy was boosted from 1 
nJ to 3 mJ after 11 passes without saturation. The regenerative amplifier output 
was detected by a photodiode and the oscilloscope trace is shown in Figure 3.17. It 
can be seen that clean single pulses were generated.
(4) Main Amplification
After pre-amplification using the regenerative amplifier, the single pulse selected by 
Pockels cell PC3 passed through a pinhole (with 40% energy transmission), Wftföh 
A/SMÜfH The pulse was then sent to the main amplifier chain with five 
stages of amplification. A 12 mm double-pass amplifier firstly boosted the energy 
to about 40 mJ. After expanding the beam, a 200 mJ output was then achieved
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Figure 3.17: The regenerative amplifier output.
by using a 16 mm single-pass amplifier. After passing through the Pockels cell 
PC4 and Faraday isolator, the beam was then truncated by a hard aperture with 
the transmission about 40% to provide an almost uniform beam before the next 
amplifier. A 250 mJ output from the 25 mm diameter amplifier was then relayed by 
the first vacuum spatial filter VSF1 (M=1.3) through a 32 mm diameter amplifier. 
The 1 J output from this amplifier was relayed by a second vacuum spatial filter 
VSF2 (M=1.4) through Faraday isolator to the final 45 mm diameter amplifier stage. 
The final output pulse of 5 J was relayed by the third vacuum spatial filter VSF3 
(M=2.3) to the pulse compression system.
(5) P u lse  C om pression:
The pulse compressor consisted of three identical gold-coated diffraction gratings 
(1200 lines/mm, blaze angle = 26.7°, ruled area= 154 x 206 mm) arranged in parallel 
in a double-pass configuration (see Figure 3.11). To minimize the losses, the gratings 
were used in near Littrow configuration (Littrow angle= 39.2° at the wavelength of
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1.053 /im). The input pulse from VSF3 to the grating (#1) had an incident angle 
of 32°. After a distance of ~ 5.5 m, the angularly dispersed diffracted beam was 
recollimated by a second grating (#2). A double-pass geometry was used to retain 
the circular beam profile. For convenience in extracting the beam from grating #3, 
the reflected beam was directed with a very small vertical deflection angle (about 
2°) relative to the incident beam. This allowed a vertical displacement between 
gratings #1 and #3. After compression, a ~  3 J single pulse with the duration ~  
1 ps pulse shouldbe obtained. The intensity contrast ratio of the compressed pulse 
was > 103 (see Section 3.4). Finally, the compressed pulse was relayed by the fourth 
vacuum spatial filter VSF4 (M=1.4) into the SHG crystal. When the group velocity 
mismatched frequency doubling technique is used (see Chapter 4), it is possible to 
obtain an energy conversion efficiency of ~  75%, and intensity conversion efficiency of 
> 100% to produce a SH pulse duration of ~  0.3 ps. During this frequency doubling 
process, the intensity contrast ratio was improved from > 103 to > 106. After 
frequency doubling, the SH pulse was sent to the target chamber. The improved 
intensity contrast of > 106 is able to support experiments on ultra-short laser pulse 
interaction with matter at an intensity ~  1016 - 1017 W/cm2 for plasma production 
thresholds around lO10 W/cm2.
3.3 E xperim ental S tudies o f Spectral Shaping
Using relative long fibers could help reduce the intensity of the frequency unshifted 
light due to optical wave breaking. However, the energy from these unshifted com­
ponents is transferred into the nonlinearly chirped light and will still form pre- and 
post- pulses on the compressed pulse. The measured spectrum of the output pulse 
from the fiber is shown in Figure 3.18, and has two sidelobes associated with the 
nonlinearly chirped frequencies. In order to improve the contrast ratio of the com­
pressed pulse, it is necessary to remove these sidelobes and to shape the spectrum 
into a Gaussian profile (see Chapter 2).
In a CPA laser system, a frequency chirped pulse from a single mode optical
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Figure 3.18: The measured spectrum of the output pulse from the fiber.
fiber normally has an energy of a few nJ. To amplify this to an energy of > 1 J, 
corresponding to a net gain of 109, a regenerative pre-amplifier was used to boost 
the pulse energy from about 1 nJ to a few mJ, and this was followed by a conven­
tional Ndiglass amplifier chain to further boost the energy to > 1 J. Since the pulse 
experiences very high gain, spectral narrowing can dramatically change the spectral 
shape of the amplified pulse, especially in the regenerative amplifier. Perry et al [77] 
showed that careful control over the gain and loss in the regenerative amplifier can 
be used to shape the spectrum from a square to a near Gaussian profile, and can 
considerably improve the intensity contrast ratio.
In this section, we will focus upon spectral shaping using gain narrowing and 
etalon effects in the regenerative amplifier.
To shape the spectrum, we firstly used the gain narrowing effect in the regen­
erative amplifier. Figure 3.19 shows the measured spectrum of the amplified pulse. 
After amplification, the bandwidth was reduced from 42 Ä to 26.7 Ä. Since the 
maximum gain of the amplifier slightly mismatched the central carrier frequency of
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Figure 3.19: The measured spectrum of the pulse after amplification by the ring regen­
erative amplifier.
the chirped pulse, the shorter wavelength side was smoothed by the gain narrow­
ing effect, but the longer wavelength side still had a sharp discontinuity with the 
sidelobe still clearly present. Note that the energy contained in the longer wave­
length sidelobe will form the pre-pulse after compression. To shape the spectrum 
to the desired Gaussian shape, we found that the simplest method was to use the 
combination of gain narrowing and an etalon placed in the regenerative amplifier.
If saturation in the amplifier is small, and the frequency dependent loss is only 
introduced via an essentially lossless etalon, then, the intensity spectrum of the 
amplified pulse, / out(u;), is related to the input spectrum, /,n(u;), by
W « )  =  / ,„ H  [(1 -  ßlo„ )  (3.18)
where ßioaa is the frequency independent loss per pass, Tetai(uj) is the intensity trans­
mission of an etalon, Go(u>) is the small signal gain, and N  is the number passes.
We also can write Equation 3.18 in the following form
M w )  =  W w ) [ T ln(a;))w (3.19)
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where
/ „ * . »  =  /<„M  [(1 -  A„..) G oM ]" (3.20)
is the output spectral intensity without an etalon inside the regenerative amplifier.
Equation 3.20 shows that the output spectral intensity with an etalon inside the 
cavity is equivalent to the spectrum of the output pulse emerging from the cavity 
without the etalon which is then passed through the etalon N times with an effective 
transmission of [Tefa/(k>)] -^
The intensity transmission through a lossless etalon is given by [5]
- l
T etal(u) 1 +  T  sin2 - (3.21)
where
T
4 R
(1 -  R ) 2
6
47r
— neh cos 0 
A
(3.22)
(3.23)
and R is the reflection of both reflecting surfaces. The effective thickness of the 
etalon is given by h' =  neh cos 0. Near the maximum transmission frequency ue, 
Equation 3.24 can be written as
.  2 h  2 h  ,  . .  f u  — u c \
o =  — uje -\-------- [Lj — uje) =  2rmr +  2mn  ---------------
c c V U)e J
where (2h'/c)<jje =  2rmr. Substituting Equation 3.25 into 3.23 obtains
(3.24)
etal («) =  { 1 +  T  sin"
to - ujc] \  
m'K-------------  >
LOe J J
-1
(3.25)
When the pulse passes through the etalon N  times, the effective intensity transmis­
sion can be written as
- N
[Tetai(u)]N =  j l  +  T sin2 mTT — —---] |
Let [ ^ 0 /(0 ;)]^ =  1/2 at u  =  coe ±  Aü;e//,/u,/2, a simple calculation yields
2Ae . _t ( 2 1/n -  1 \ 1/2
(3.26)
A A eff}iw = ---- sin
mir T
(3.27)
63
10450 10500 10550
Wavelength (A)
10600
Figure 3.20: The measured spectrum of the output pulse of the regenerative amplifier 
when the etalon was included in the cavity.
where AAeff,iw = A^Ao;e/(27rc) is the effective spectral linewidth of the etalon.
In the experiment, the etalon consisted of the two R = 25% mirrors with the 
separation h «  38 fim. The effective spectral linewidth of the etalon was AAe « 1 8  
Ä for N  = 11 at Ae= 1.053 /im. Figure 3.20 shows the measured spectrum of the 
output pulse from the regenerative amplifier when such an etalon was included in 
the regenerative amplifier cavity. In this case, the spectrum was almost Gaussian. 
The bandwidth was reduced from 26.7 Ä to 14.6 Ä. Clearly, when the etalon was 
inserted into the cavity, the nonlinearly frequency chirped light was very efficiently 
removed. The calculations from Equation 3.25 predict a 15 times reduction in the 
spectral intensities of the nonlinearly frequency chirped light at wavelengths ±30 Ä 
from Ae= 1.053 //m, when the etalon is included in the ring regenerative amplifier.
64
3.4 E xperim ental Studies o f C hirped P u lse C om ­
pression
The compression of the chirped pulse has been studied before and after amplification.
(1) C hirped P u lse  C om pression w ith ou t A m plification
In Figure 3.11, the linearly frequency chirped pulses emerging from the fiber were 
injected via the polarizer POL4 into a double-pass pulse compressor by the mirror 
Ml. The compressor consisted of a grating with 1200 lines/mm together with a 
prism and a mirror M2. The grating and prism formed a normal “parallel grating 
pair” pulse compressor. The mirror M2 sent the pulses back into the compressor and 
provided a double-pass geometry. The mirror M2 returned the pulses at a slightly 
lower level than the incoming one, and the mirror M3 (under the incoming beam) 
and M4 reflected the compressed pulse into the CW autocorrelator.
To set the grating separation to its optimum length, we first estimated the re­
quired length from Equation 2.26. In this equation, ac is «  A t fwhm/ A lj (see Section 
2.2.2), where At jwhm and Au; are the measured duration and the spectral band­
width of the fiber output pulse, respectively. In the experiment, A tfwhm =183 ps 
and AA = 42 Ä, so ac «  2.56xlO-23. For an incident angle at 0, = 45° (the diffrac­
tion angle was at 0,- = 34°), the calculated grating separation (center to centre) from 
Equation 2.26 is L = G tan0r « 6  m. For our double-pass compressor, this meant 
that the separation between the grating and prism was ~  1.5 m. To achieve the 
optimum compression, fine adjustment was required which was made by translating 
the prism mounted on the movable slide.
In the optimum compression conditions, the autocorrelation trace was measured 
and is shown in Figure 3.21. The FWHM of the autocorrelation trace was 1.1 ps, 
which gives a compressed pulse duration of 0.7 ps (assuming a sech2 pulse shape). 
The time-bandwidth product of the compressed pulse was 0.80±0.05.
On the basis of these the experimental conditions, we calculated the fiber output
65
3  0.5
Time Delay
Figure 3.21: The measured autocorrelation trace of the unamplified pulse.
pulse and its spectrum (Figure 3.22), and the compressed pulse and its autocorre­
lation function (Figure 3.23).
The calculated duration and spectral bandwidth of the fiber output pulse were 
180 ps and 43 Ä. For the optimum compression, the calculated pulse duration was 
0.72 ps and the FWHM of its autocorrelation function was 1.1 ps. The experimental 
results were in excellent agreement with these calculations.
In Section 2.4 of Chapter 2, we modelled the contrast improvement that could 
be achieved using the spectral shaping method. It was found that, after spectral 
shaping, the achievable intensity contrast ratio of the compressed pulse was limited 
by the maximum intensity of the frequency unshifted light in the fiber output pulse 
(see Figure 2.10). We are interested in the intensity level of this light in our exper­
iments, because it can be used to estimate the intensity contrast of the amplified 
compressed pulse when the spectral shaping is used. Figure 3.24 shows the calcu­
lated compressed pulse on a log scale. From the figure, the main peak pulse intensity 
was 5 x 104 greater than the maximum intensity of the frequency unshifted light.
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Figure 3.22: (a) The calculated fiber output pulse; (b) Its spectrum.
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Figure 3.23: (a) The calculated compressed pulse; (b) Its autocorrelation function.
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Figure 3.24: The calculated compressed pulse of the unamplified pulse on a log scale.
To measure the intensity level of the frequency unshifted light requires an au­
tocorrelation with a large dynamic range. For our autocorrelator, we found that 
the signal (SH light) to noise ratio of > 105 can be achieved, limited only by the 
scattered background light level. A high signal to  noise ratio measurement can be 
achieved with a phase sensitive detection technique [99]. In our experiments, the 
detector was a high gain, low noise photomultiplier and it was followed by a loga­
rithm ic amplifier (with a dynamic range of ~  105) to convert the measured signal 
into a log scale.
Figure 3.25 shows the recorded autocorrelation trace of the unamplified pulse 
on a log scale (solid line). For comparison, the calculated autocorrelation function 
(dashed line) is also shown in the figure. The measured results agree with the 
calculations very well close to the main peak of the autocorrelation function, but 
discrepancies exist in the relatively low intensity regions. Firstly, the first subpeak 
of the  autocorrelation trace (which is formed by nonlinearly frequency chirped light, 
see C hapter 2) is lower than  in the calculations. To understand this, we have 
m easured the spectrum  of the pulse reflected by polarizer POL3 which is shown
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Figure 3.25: The measured (solid line) and calculated (dashed) autocorrelation traces of 
the unamplified pulse on a log scale.
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Figure 3.26: The measured spectrum of the pulse reflected by polarizer P0L3.
in Figure 3.26. Clearly, when the fiber output pulses pass through the polarizer 
PL03, the nonlinearly frequency chirped light has a relatively low transmission due 
to intensity dependent polarization rotation in the fiber [96]. This can explain the 
first discrepancy. Secondly, the low intensity wings of the measured autocorrelation 
trace were higher than the calculations. In the calculations, it was assumed that the 
output pulse from the CW mode-locked laser had a Gaussian shape. We measured 
the laser output pulse over a wide dynamic range (Figure 3.27). The results show 
that the laser output pulse can be fitted by a Gaussian pulse over about two orders of 
intensity, but it is broader than a Gaussian at low intensities. This could be the main 
reason for the discrepancy in the low intensity wings. The above comparisons show 
that, in the experiment, the ratio between the main peak pulse intensity and the 
maximum intensity of the frequency unshifted light will be less than the calculated 
value of 5 x 104.
From the measured autocorrelation trace (Figure 3.25), it is difficult to determine 
the maximum intensity level of the frequency unshifted light, because it is masked 
by the nonlinearly frequency chirped light. Therefore, it is necessary to remove the
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Figure 3.27: The measured autocorrelation trace of the laser output pulse on a log scale.
nonlinearly frequency chirped light to determine the maximum intensity level of the 
frequency unshifted light. The spectral windowing technique [33] was, thus, used in 
the experiments. A variable aperture window was placed in front of mirror M2 where 
the spectrum was spatially dispersed. The light at the centre of the spectrum passed 
through the window, but it blocked the nonlinearly frequency chirped light at the 
extreme frequencies. After the pulse passed though the compressor, the spectrum 
shown in Figure 3.28 was obtained. Clearly, the nonlinearly frequency chirped light 
was removed efficiently by spectral windowing.
Figure 3.29 shows the measured autocorrelation trace of the compressed pulse
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Figure 3.28: The measured spectrum of the compressed pulse after spectral windowing.
after spectral windowing. The two subpeaks formed by the frequency unshifted light 
appear clearly on the autocorrelation trace. Notice that the compressed pulse is not 
Gaussian due to the square shape of the spectrum. According to this measurement, 
the main peak intensity in the compressed pulse is > 5 x 103 greater than the 
maximum intensity of the frequency unshifted light.
(2) C hirped P u lse  C om pression after A m plification
For our CPA laser, a single pulse energy of ~  5 J has been measured at the output 
of the final 45 mm amplifier. Since the vacuum spatial filter VSF3 is still under 
construction, we have not tested the pulse compression after final amplification, 
because without expansion of the beam diameter, the intensity of the compressed 
pulse would exceed the damage threshold of the gratings. To avoid damage, we have 
tested the pulse compression after the double-pass amplifier, using the experimental 
set-up shown in Figure 3.30. This set-up was initially used for studies of SHG of 
the 1 ps pulse (see Chapter 5). In this arrangement the pulse stretcher before the 
regenerative amplifier was not used due to the relatively low energy required for these 
experiments. Note that the stretcher in the CPA laser system affects only the finally
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Figure 3.29: The measured autocorrelation trace of the compressed pulse after spectral 
wondowing.
achievable pulse energy, but not the achievable pulse duration [80]. In Figure 3.30, 
the single pulse after amplification by the regenerative amplifier and the double­
pass amplifier was sent into the double-pass pulse compressor. For this compressor, 
two large identical gratings (1200 lines/mm, 154x206 mm) that were prepared for 
use in the final compression stage were used. The grating separation and incident 
beam angles were similar to the compressor that was used before amplification. The 
compressed pulse was measured using a single shot autocorrelator. Figure 3.31(a)
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Figure 3.31: (a)The measured single shot autocorrelation trace of the amplified pulse; 
and (b) on a log scale.
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Figure 3.32: The measured pulse spectrum after amplification.
shows the measured autocorrelation trace. The FWHM of the autocorrelation trace 
was 1.7 ps, which gives a pulse duration of 1.2 ps (assuming a Gaussian pulse shape). 
The measured pulse spectrum after amplification is shown in Figure 3.32, and has 
the bandwidth of 14.6 Ä. The time-bandwidth product of the compressed pulse 
was 0.47±0.05. This indicates that the compressed pulse was very close to being a 
transform limited Gaussian pulse.
Figure 3.31(b) shows the single shot autocorrelation trace on a log scale. Note 
that the maximum time delay of the autocorrelator was ~  ±  9 ps (see Section 
3.2.3). Hence, the autocorrelator signal will not be produced outside this time 
delay. The baseline shown on the autocorrelation trace indicates only the noise 
level of the detector array. Although the frequency unshifted light located at ~  ± 
80 ps from the main peak (Figure 3.24) is out of the measurement range of the 
single shot autocorrelator, we believe that, after amplification, the ratio of the main 
peak intensity of the compressed pulse to the maximum intensity of the frequency 
unshifted fight is not worse than that of the spectrally windowed, unamplified pulse 
(> 5 x 103). This is because energy saturation effects are avoided in our amplifiers 
which therefore do not cause distortions of the temporal pulse profile. Hence, from
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the measurements, as shown in Figure 3.31(b) and Figure 3.27, the intensity contrast 
ratio should be > 103 for our compressed amplified pulses.
3.5 Summary
CW and single pulse autocorrelators have been constructed and used to measure 
and analyse the pulse generated by the ANU CPA Nd:glass laser. By using the 
chirped pulse generation and amplification, a ~  5 J single pulse has been obtained 
from the final amplifier. A high gain ring regenerative amplifier was used for pre­
amplification of the chirped pulse. We have demonstrated that a ~  1.2 ps single 
pulse can be obtained after compression of this amplified pulse. To improve the 
intensity contrast ratio, we have found that spectral shaping by the combined use 
of gain narrowing and an intra-cavity etalon provides the best way to change the 
spectrum to the desirable Gaussian profile. By using such spectral shaping, the 
measured intensity contrast ratio of the compressed pulse is > 103.
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C h ap te r  4
N um erical S tudies of U ltra -S h o rt 
P u lse  SHG
4.1 Introduction
The role of various physical effects in the interaction of laser radiation with matter 
usually depends on the wavelength of the radiation. For example, for laser driven 
fusion it is desirable to use short wavelength heating radiation to increase the ab­
sorption and reduce detrimental effects, such as the generation of feist particles [2]. 
As a result, radiation from high power Nd glass lasers is usually converted into its 
higher harmonics to meet these requirements.
Relatively recently considerable interest has been focussed on the interaction 
of very short and intense laser pulses with matter both for understanding of the 
fundamental physics and for the development of x-ray lasers. Specifically, these 
experiments are aimed to investigate absorption mechanisms [63, 67]; multiphoton 
ionization [9]; the generation of short bursts of x-ray radiation for time-resolved 
studies of solids and high density plasmas [93]; the pumping of x-ray lasers [44, 93] 
and kinetic effects within a very high temperature high density plasma [68] (which 
is nearly uniform due to the absence of hydrodynamics). Optical pulse compression 
is a standard technique [101, 103] used in the development of compact TW/ps solid-
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state lasers. Unfortunately, an inherent feature associated with a fiber-grating pulse 
compression scheme to generate short pulses is the production of a low intensity 
long pre-pulse. Since the energy in the pre-pulse can be large fraction of that in the 
main pulse, its presence severely limits the usefulness of the laser for plasma physics 
experiments where low pre-pulse levels are essential.
In the previous chapter, a spectral shaping method to improve the intensity 
contrast ratio was studied. However, spectral shaping does nothing to remove the 
relatively low intensity pre-pulse emission attributed to the centre frequency com­
ponents. To reduce this pre-pulse intensity, one could frequency double the laser 
output and use the normal non-linear response of the doubling crystal to reduce the 
pre-pulse intensity. Therefore, efficient conversion of an ultra-short laser pulse into 
its SH frequency is desirable.
For efficient second harmonic generation, the phase matching conditions must 
be satisfied. The most common procedure for achieving phase matching is to make 
use of the natural birefringence of anisotropic crystals by a suitable choice of the 
direction of propagation and the polarization of the fundamental wave(s). In the 
phase matching direction, even when normally phase matched, the crystal has a finite 
angular and spectral acceptance. For efficient energy conversion, the divergence 
angle and frequency bandwidth of the laser radiation must be less than the angular 
and spectral acceptances of the crystal, respectively. For high average power lasers, 
however, the uncorrectable divergence may far exceed the diffraction limit strongly 
favouring crystal materials with large acceptance angle for SHG. When diffraction 
limited beams are available, it is not difficult to ensure that the beam divergence 
angle is less than the crystal acceptance angle, especially, for a high power laser where 
the laser beam has a rather large diameter, and a corresponding small divergence 
angle. It is also normally easy to satisfy the condition requiring the frequency 
bandwidth to be less than the crystal spectral acceptance, particularly for a narrow 
bandwidth, long pulse. However, for a broadband ultra-short pulse, it is difficult 
to achieve highly efficient conversion using a conventional SHG arrangement since 
to satisfy the phase matching requirements, for an example, for femtosecond pulses,
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extremely short crystals have to be used [19], which in turn dramatically lowers the 
conversion efficiency which is proportional to the square of the crystal thickness (in 
the small signal approximation). Moreover, the group velocity mismatch between 
the interacting pulses leads to temporal separation of the interacting short pulses [11, 
102] and can limit the effective interaction length, further lowering the conversion 
efficiency.
Some novel methods have been devised to overcome these problems. For example, 
it has been demonstrated that angularly dispersing the frequency components so that 
each enters the doubling crystal at its own phase matching angle is an effective means 
of improving the doubling efficiency for femtosecond pulses [90]. In the picosecond 
regime, when strong group velocity mismatch exists between the interacting pulses, a 
novel method of group velocity mismatched frequency doubling (G VMFD) suggested 
by Wang and Dragila [105] and demonstrated by Wang and Luther-Davies et al [106], 
provides a means for obtaining very high energy and power conversions.
In this chapter, we will study frequency doubling of ~  1 ps duration high power 
pulses in potassium dihydrogen phosphate (KDP) using type II phase matching. 
Section 2 introduces the coupled-wave equations for SHG; Section 3 gives numeri­
cal results of the effect of group velocity mismatching on ultra-short pulse frequency 
doubling; Section 4 presents numerical simulations of GVMFD in KDP (II). We have 
found that [105] group velocity dispersion can be used to advantage by pre-delaying 
the ordinary and extra-ordinary polarizations appropriately. In that situation in­
tensity conversion > 100% from the fundamental to the second harmonic can be 
obtained with simultaneous “compression” of the output pulse duration by up to a 
factor of five.
4.2 The Coupled-Wave Equations for SHG
The second order nonlinear response gives rise to a large variety of nonlinear optical 
phenomena such as second harmonic generation, optical parametric amplification, 
optical rectification and sum frequency generation, etc. Most of the important appli-
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cations involve conversion of energy between optical fields of different frequencies. 
In general, the processes can then be described by a three wave interaction in a 
medium with second order nonlinear response.
Let three interacting waves whose centre frequencies of u 2 and u>3 satisfy 
lj3 =  u>i +  u>2 , and the electric fields at those frequencies have the form of plane 
waves
Ej(t', z ') =  i  [Aj(t \  z') exp (iujjt' — ikjz') +  c.c.] (4.1)
Ld
where j  =  1, 2 ,3 and kj =  rijUj/c are the propagation constants for the waves at 
Ljj. Here nj  are the refractive index and c is the speed of light.
In the slowly varying envelope approximation the coupled amplitude equations 
are as follows [1]
ITT +  =  exp (—i A k z 1) — \-ol\A \ (4.2)oz' v\ at' Z
ITT  +  “ “757T =  - i K i A s A l  exp ( - i A k z )  -  \o t2A 2 (4.3)oz' v2 at Z
+  v~~W  = ~ iKi A iA*exV (*^^0  “  l;a3A3 (4-4)
where Vj are group velocities; c t j  are absorption coefficients; A k =  k3 — k2 — kx 
represents the phase velocity mismatch; and K j  are the nonlinear coupling constants, 
defined by [18]
K , =  ^  (4.5)
rijC
here dej f  is the effective nonlinear coefficient determined by the crystal symmetry 
and the direction of propagation and polarization of the fields.
SHG can be thought as a special case of the more general three-wave interaction 
where u)\ =  u 2. For SHG in KDP, two types of phase matching can be used: (i) 
Type I, when two waves with ordinary polarization (o-rays) coalesce to produce the 
second harmonic with extra-ordinary polarization (e-ray); and (ii) Type II, when 
e-ray and o-ray fundamentals coalesce and produce a second harmonic e-ray.
Let us consider a situation where a Type II KDP crystal (0 <  z < d) is irradiated 
by the o- and e-polarized pulses with center frequencies u 0 =  =  u.  As these
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two pulses propagate through the crystal, they coalesce into a second harmonic 
e-polarized pulse with center frequency uja =  2u;.
By replacing the subscripts “1”, “2”, and “3” by uo”, ue” and us”, and making 
the transformation
z —  z (4.6)
t =  t' -  — (4.7)
then Equations (4.2) -  (3.4) become
-  tK0A2A exp ( iAJcz) a 0A0 f  )
oz  2 \ v 0 v2)
dA0 
1 dt
(4.8)
-  iKeA2A*exp( iAJcz) a eAe (  )
oz  2 \ v e v2)
dAe 
1 dt
(4.9)
~ t ~ ~  —  - i K 2A0Aeexp (iAkz) -  \ a 2A2 
oz 1
(4.10)
Equations (4.8) -  (4.10) can be solved numerically with the initial conditions
Aj(t =  0,0 < z < d) =  0 (j  =  o, e ,s) (4.11)
and the boundary conditions
Ao(t,z  =  0) =  AOi0(t) (4.12)
A c( t , z =  0) =  4,.o(<) (4.13)
A,( t ,z  =  0) =  Aafi(t) =  0 (4.14)
where A0}o(t), Ae,o(0 and ASi0(t) are the amplitudes of the incident pulses in the 
crystal which are related to the incident intensities by
=  Ä l W  (j =  o,e,s)  (4.15)
here Sq and /io are the permittivity and permeability of vacuum, respectively.
Note that although Equations (4.8)-(4.10) apply specifically to Type II SHG, 
they can also apply to the Type I process [14] by letting K e =  K 0, ote =  a 0 and 
ve =  v0 in Equation (4.9) and Ie,o{t) =  / O)o(0 =  Itot{t)/2 for the boundary condition, 
where Itot{i) is the total incident pulse intensity with o-polarization. The advantage 
of this is that one can use the same code to solve both Type I and II SHG.
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4.3 The Effect of Group Velocity Mismatching
Due to dispersion in a crystal, the group velocities of the interacting waves at differ­
ent frequencies or the same frequencies but with different polarizations are normally 
different. For ultra-short pulse SHG, the strong group velocity mismatch between 
the interacting pulses will lead to their separation and low conversion efficiencies. 
The effect of group velocity mismatch is large in materials such as KDP (II), LINBO3, 
KTP, etc., for a fundamental wavelength of ~  1 fim. This section will present results 
on numerical studies of the effect of group velocity mismatching in KDP for both 
Type I and II frequency doubling.
Table 4.1: The parameters in KDP for Type II phase matching at 
the fundamental wavelength of 1.053 /xm.
Type of phase matching Type I Type II
Phase matching angle0 (°) 0pm =  41.2 0 pm =  59.2
Refractive index“
n0 =  1.494099 
n3 = 1.494098
n 0 = 1.494099 
n e =  1.468703 
n 2 =  1.481401
Group velocity“ (m /s)
v0 =  1.966372 X  108 
v, =  1.968383 x  108
v„ =  1.966372 x  108 
ve = 2.018774 x  108 
t>2 =  1.987979 x  108
Nonlinear coefficient6 (m /V) dx  =  0.39 x  10~12
Effective nonlinear coefficient6 def f  — ^ 3 6  sin 0pm def f  =  d36sin(20pm)
OLo = 0.058
Absorption coefficient“ (cm-1) = 0.020
a 2 = 0
(a) Calculated from the dispersion equation given by Zernike [114].
(b) See Ref. [14].
(c) See Ref. [35].
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In this study we will assume that the input pulses have a Gaussian shape of the 
form:
where To is the pulse duration (FWHM); I0yP and / C)P are the peak intensity of the 
input o- and e-pulses, respectively. The input pulses shown above are implicitly for 
Type II frequency doubling, but they also suit the Type I case as detailed in the 
previous section.
In all calculations presented below the wavelength of the incident radiation was 
assumed to be 1.053 fim and the corresponding parameters used in the calculation 
are given in Table 4.1. In order to study the effect of group velocity mismatching 
alone, in what follows we will assume that the interacting pulses are perfectly phase 
matched (Ak = 0).
To demonstrate the effect of the group velocity mismatch on the efficiency of the 
conversion we have calculated the intensity conversion versus the crystal thickness 
d for various pulse durations and shown the results in Figures 4.1 and 4.2. The 
intensity conversion is defined by I2,p/Itot,P and I2,P/{I0,P + /e,P) for Type I and Type 
II frequency doubling, respectively, where Itot,p is the peak intensity of incident pulse 
with o polarization; I2iP is the peak intensity of second harmonic pulse; IQiP and Ie<p 
are the peak intensities of incident o- and e-pulses, respectively.
Figure 4.1 shows the calculation results for Type I frequency doubling where the 
input pulse intensity is Itot p^ =6 GW/ cm2 and the pulse durations corresponding to 
the numbered curves are (a) T0 >  d\l/v0 — l/v e|, i.e., the case of a long pulse when 
the group velocity dispersion is unimportant; (b) To = 0.2 ps; and (c) To = 0.1 ps. 
As can be seen, group velocity mismatch causes a slight decrease in the efficiency 
of the frequency doubling process for very short pulses. For example, the maximum 
intensity conversion efficiency is reduced from ~  95% for To d\l/ va — l / va\ to ~  
87% for T0 = 0.1 ps.
The results for Type II frequency doubling are shown in Figure 4.2. Here we
(4.16)
(4.17)
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Figure 4.1: The intensity conversion efficiency versus the crystal thickness d in Type I 
KDP for Iinp = 6 GW/cm2 and (a) t0 >  d\l/v0 -  l /v e|; (b) T0 = 0.2 ps; (c) T0 = 0.1 ps.
Figure 4.2: The intensity conversion efficiency versus the crystal thickness d in Type II 
KDP for e- and o-pulses with equal intensity / 0 = / e = 3 GW/cm2 and pulse duration T0: 
(a) t0 >  d\ l /v0 -  l /v e|; (b) T0 = 1.5 ps; (c) T0 = 1.0 ps; (d) T0 = 0.5 ps; (e) T0 = 0.2 ps.
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have assumed that the o and e fundamental pulses have equal intensity 70)P = 7eiP =
3 GW/cm2 and equal pulse durations T0: where in (a) T0 >• d \l/v0 — l/u e|; in (b) 
T0 = 1.5 ps; in (c) T0 = 1.0 ps; in (d) T0 = 0.5 ps; and in (e) T0 = 0.2 ps. Obviously, 
group velocity mismatch causes a large reduction in conversion efficiency for very 
short pulses.
For long pulse where group velocity mismatching is unimportant, the Type 11 
frequency doubling is more efficient than Type I process. For example, to achieve 
same maximum intensity conversion ~  95%, the crystal thickness required for Type 
II is 1.2 cm, but 1.8 cm for Type I. This is because the effective nonlinear coefficient 
for Type II is larger than that for Type I.
However, group velocity mismatch more severely limits the harmonic conversion 
of very short pulses in Type II phase matching because a larger group velocity 
mismatch exists for the Type II process. In the Type I process, the pulse separation 
between the fundamental o- and SH e- pulses in the crystal is extremely small, only 
11 / v0—1 / va I = 0.052 ps/cm. For a pulse duration T0 > 1 ps, group velocity mismatch 
does not limit the SH conversion. Only when the pulse duration T0 < 0.1 ps, does 
the conversion efficiency reduce significantly (see Figure 4.1). In contrast, for the 
Type II process \ l /v 0 — l /v e\ = 1.32 ps/cm, which means that when the fundamental 
o- and e- pulses pass through ~  0.75 cm thick crystal for T0 = 1 ps, they will become 
separated, and as the result, the conversion efficiencies will markedly reduce. As can 
be seen from Figure 4.2, the maximum intensity conversion is reduced from ~  95% 
for a very long pulse to ~  70% for T0 = 1 ps and ~  10% for T0 = 0.2 ps.
When frequency doubling a very short pulse, there is a saturation length dsat for 
which the maximum intensity conversion occurs in both types of phase matching. 
After this length, the maximum intensity of the SH pulse does not increase with a 
further increase in the crystal thickness. For example, daat « 1 .8  cm for To = 0.1 ps 
in Type I KDP and daat «  0.5 cm for T0 = 0.5 ps in Type II KDP (see Figure 4.1 and 
4.2). Although the group velocity mismatch causes the same intensity saturation 
behaviour, for both processes it has a subtly different effect on SHG. To demonstrate 
this, the fundamental(s) and the SH pulse shapes at different crystal thickness are
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shown in Figure 4.3 and Figure 4.4 for SHG in Type I and II KDP, respectively.
In Type I KDP, the SH pulse is initially generated at the peak of the funda­
mental pulse (see Figure 4.3 at d = 0.2 cm ). Since the fundamental o-pulse travels 
slower than its generated SH pulse, as the crystal length increases the peaks of the 
interacting pulses will separate. This reduces the peak intensity conversion (see Fig­
ure 4.3 at d = 1.5 cm) and leads to the intensity conversion saturating because the 
peak of the SH pulse no longer overlaps with the fundamental pulse (see Figure 4.3 
at d = 3.0 cm). With a further increase in the crystal length, the energy from the 
fundamental pulse will convert to form an extended trailing edge on the SH pulse 
thus generating a low intensity long tail (see Figure 4.3 at d = 4.0 cm). Therefore, 
the group velocity mismatch in Type I KDP not only reduces the SH peak intensity 
conversion, but also broadens the SH pulse and generates a low intensity long tail.
In Type II KDP, the SH conversion only occurs whilst the fundamental o- and e- 
pulses overlap. The SH pulse is initially generated at the centre of the region where 
the two fundamentals overlap (d = 0.2 cm in Figure 4.4). When the fundamental 
pulses have propagated through the crystal to d «  1.5 cm (in Figure 4.4), the 
intensity of fundamental pulses in the region where the overlap occurs is already 
very low, and the peak intensity conversion saturates. Further increasing the crystal 
length (d = 2.0, and 3.0 cm in Figure 4.4) causes the fundamental pulses to separate 
totally and the conversion process, in general, will stop (the complex process of 
energy reconversion from the SH pulse to the fundamentals will be discussed in 
detail in the next section). In this case, the SH pulse duration is not normally 
broadened.
In the above discussions, perfect phase matching was assumed. In practical 
situations, the spectral and angular acceptances of the crystal must be considered 
because the laser beam has finite bandwidth and divergence angle. In KDP, the 
spectral acceptance is very large, and much greater than the spectral bandwidth 
of a 1 ps duration pulse in both types of phase matching (see next section). This 
means that the spectral acceptance of KDP does not limit the conversion efficiency 
for pulse durations To ~  1 ps and T0 > 1 ps. The angular acceptance of KDP is
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Fundamental pulse 
SH pulse
d=0.2 cm
d=0.5 cm
d=1.5 cm
\  d=3.0 cm
d=4.0 cm
t(ps)
Figure 4.3: The pulse shapes at various crystal thickness in Type I KDP for /,n p 
GW /cm2 and T0= 0.1 ps.
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Fundamental o-pulse 
Fundamental e-pulse 
SH pulse
d=0.2 cm
d=0.5 cm
d=1.5 cm
\  d=2.0 cm
\  d=3.0 cm
t(ps)
Figure 4.4: The pulse shapes at various crystal thickness in Type II KDP for Io p = Ie p = 
0.5 GW /cm2 and T0 = 0.5 ps.
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relatively small, only 1.3 and 2.7 mrad-cm (in small signal conditions) for Type I and 
II phase matching, respectively [15]. The larger effective nonlinear coefficient and 
wider angular acceptance of Type II SHG in KDP makes it preferable for use with 
long pulses (>> ps). As the pulse duration reduces to ~  1 ps, however, the conversion 
efficiency is limited by group velocity mismatch for the conventional Type II process 
but not for Type I suggesting the latter should be used for short pulses. However, 
we have found that when frequency doubling a ~  1 ps laser pulse at ~  1 /zm in KDP 
(II), group velocity mismatch, in fact, can be used to advantage by pre-delaying the 
e- relative to o-pulse appropriately. In this case, as will be shown in next section, 
highly efficient conversion from the fundamental to the second harmonic can be 
obtained.
4.4 Group Velocity M ismatched Frequency Dou­
bling (GVM FD)
In this section, GVMFD will be introduced, and simulation results will be presented 
and discussed in detail.
4 .4 .1  M o d e l
To efficiently convert an ultra-short pulse energy into its SH frequency, the first thing 
to ensure is that the phase matching condition can be satisfied. For small signal 
conditions, the spectral acceptance ranges of KDP for Type I and II phase matching 
are 280 Ä-cm and 138 Ä-cm at ~  1 f im  [82], respectively. So frequency doubling of 
1 ps duration pulses where the frequency bandwidth corresponding to a transform 
limited Gaussian pulse is ^  16 Ä at 1 /zm wavelength is not limited by the spectral 
acceptance of KDP. Normally, it is not difficult to ensure that the beam divergence 
angle is less than the crystal acceptance angle, especially, for a high power laser 
where the laser beam can have a rather large diameter, and a corresponding small 
divergence angle. Thus, we can assume that the interacting pulses are perfectly
91
e(2co)
I
e(co) o(co) KDP Crystal (II)
t delay
o((0) e((0)
/v  lyy
Figure 4.5: Schematic of group velocity mismatched frequency doubling (GVMFD). Pre­
delaying the fundamental e- relative to the o-pulse at the entrance to the crystal is use to 
increase the effective interaction length.
phase matched, i.e., A k =  0, for frequency doubling 1 ps pulse at 1 /im wavelength
There are two ways to enhance the conversion efficiencies in Type II SHG in KDP. 
One is to increase the incident pulse intensity, but this may be not very practical or 
even not possible in some situations; another is to increase the effective interaction 
length. In KDP (a negative uniaxial crystal), the fundamental e-pulse travels faster 
than  the o-pulse and the group velocity of the second harmonic pulse happens to 
fall midway between the fundamental o- and e-pulses (see Table 4.1). This led to 
the suggestion [105] of pre-delaying the fundam ental e- relative to the o-pulse at the 
entrance to the crystal (see Figure 4.5). As will be shown below, this can increase 
the effective interaction length thus enhancing the conversion efficiency.
In order to numerically model GVMFD, we will assume th a t the input pulses 
have a Gaussian shape of the form:
in KDP.
(4.18)
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-^e,o(0 — Ie,p 6Xp -4  In 2 (4.19)t  — t d e l a y / ^ X. ;
where tdelay is the time delay of the fundamental e-pulse relative to o-pulse at the 
entrance to the crystal. In all calculations presented below we will also assume that 
the interacting pulses are perfectly phase matched, the wavelength of the incident 
pulses is at 1.053 fim and the crystal parameters used in the calculations are given 
in Table 4.1.
4.4.2 The Role of a Pre-delay
To demonstrate the role of a pre-delay, the energy and intensity conversion and the 
SH pulse duration as a function of the crystal thickness d for the various pre-delay 
tdelay are shown in Figure 4.6, 4.7 and 4.8, respectively. In all three cases both 
incident pulses have the same pulse duration To = 1 ps and the same intensity 
h,p = Ie,P =  3 GW/cm2.
As can be seen from Figure 4.6 and 4.7, the maximum energy and intensity 
conversion for tdeiay= 0, i.e., with no delay, are ~  55% and ~  70%, respectively, and 
occur at d «  0.6 cm. For d > 0.6 cm, the energy conversion is decreased. However, 
the intensity conversion remains almost unchanged in the range of d «  0.6-2.2 cm 
(see Figure 4.7) and decreases for d > 2.2 cm. To understand this behaviour, we 
need to know more detail of the energy reconversion process in SHG.
Figures 4.9 show the interacting pulse profiles for various crystal thickness in 
the case of no pre-delay. When the pulses pass through a crystal thickness of d = 
0.6 cm (see Figure 4.9(a)), the fundamental o (dashed line) and e (dash-dot line) 
pulses have be separated due to the their group velocity difference. At the peak 
of the SH pulse (solid line), the intensity of the fundamentals is low. This means 
that any further SHG (energy conversion) does not produce any marked increase in 
the peak intensity of the SH pulse. However, in both leading and trailing edges of 
the SH pulse the intensities of the SH pulse and one of the fundamental pulses are 
much higher than that of the other fundamental pulse. Thus any further SH energy 
conversion will deplete the weaker fundamental pulse totally allowing a change in the
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100
l ä '2 .0
d (cm)
Figure 4.6: The net energy conversion as a function of the crystal thickness d with the 
pre-delay tdeiay &s a parameter (the corresponding numbers in the figure are in ps). The 
input pulse parameters are: T0 = 1 ps, Iop = It p = 3 GW/cm2.
S 150
e  100
Figure 4.7: The net intensity conversion as a function of the crystal thickness d with the 
pre-delay <«je/ay as a parameter (the corresponding numbers in the figure are in ps). The 
input pulse parameters are: T0 = 1 ps, I0tP = Ie p =  3 GW/cm2.
9 4
d (cm)
Figure 4.8: The second harmonic pulse duration as a function of the crystal thickness d 
with the pre-delay tdeiay as a parameter (the corresponding numbers in the figure are in 
ps). The input pulse parameters are: T0 = 1 ps, Iop = Itp = 3 GW/cm2.
sign (phase) of the electric field of the weaker fundamental pulse, and reconversion 
of SH energy into the fundamental pulses. In effect the SH emission parametrically 
amplifies the fundamentals. As the reconversion occurs, it removes energy from both 
sides of the SH pulse (see Figure 4.9(b) and 4.9(c)). Before the reconversion occurs 
at the peak of the SH pulse, it will have substantially reduced the energy conversion 
and shortened the SH pulse duration (Figure 4.6 and 4.7 for d «  0.6-2.2 cm and 
ide lay—0). When the energy reconversion eventually occurs at the peak of the SH 
pulse (d «2.2 cm), the energy reconversion rate will be accelerated. This leads to 
a rapid drop in the energy and intensity conversion efficiencies and broadening of 
the SH pulse duration (Figure 4.7) at d >  2.2 cm for tdeiay=o- It is interesting to see 
that the fundamental pulses have developed double peaks at d =3.0 cm due to this 
reconversion process (Figure 4.9(d)).
When a pre-delay is introduced, the energy and intensity conversion efficiencies 
are increased (Figure 4.5 and 4.6). For a relatively short pre-delay (tdeiay <  0-6 ps), 
the energy reconversion occurs after the energy and intensity conversion reach their
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y 
(W
/c
Fundamental o-pulse 
SH pulse
(a)
Fundamental e-pulse
Figure 4.9: The intensity profiles of the interacting pulses after they pass through the 
various crystal length for T0 — 1 ps, Iop = Ie p = 3 GW /cm2: (a) d=0.6 cm; (b) d = 1.0 
cm; (c) d =  1.6 cm; (d) d = 3.0 cm.
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maximum. This is similar to the case with no pre-delay, except the conversion is 
more efficient due to the fact that the pre-delay increases the effective interaction 
length. For example, the maximum energy conversion and intensity conversion rise 
from ~  55% and ~  70% for tdeiay = 0 to ~  80% and ~  90% for tdeiay = 0.4 ps. After 
that, energy reconversion occurs in the leading and trailing edges of the SH pulse, 
which reduces the overall energy conversion, but not the intensity conversion until 
reconversion occurs at the peak of the SH pulse.
For a pre-delay tdeiay — 0-6 ps, the energy conversion reaches its maximum ~  
90% and the intensity conversion > 110%. Notice that for this pre-delay the energy 
and intensity conversion and pulse duration all saturate and remain independent of 
d within the calculated range. This means that for this particular pre-delay and the 
range of d considered, reconversion into the fundamental is negligible.
For relatively large pre-delays (tdeiay >0 . 6  ps), the energy reconversion in the 
leading and trailing edges of the second harmonic pulse occurs before the energy and 
intensity conversion reach their maximum. This lowers energy conversion efficiencies. 
However, the maximum intensity conversion still increases with increasing pre-delay, 
and reaches its maximum ~  260% at tdeiay & 2.0 ps for a crystal thickness d=2.5 
cm. In this condition, the energy conversion drops from ~  90% for tdeiay =  0.6 ps 
drops to ~  70 - 75% for tdeiay ~  2.0 ps.
For tdeiay >2 . 0  ps, the first part of the crystal does not contribute to the SH 
conversion since the intensity of the fundamental pulses in the overlapping region 
are too low. This means that for a given input pulse intensity and pulse duration 
(To), there is the maximum effective pre-delay (for this particular example ~  2To= 
2.0 ps). For the pre-delay greater than this maximum, all the conversion curves 
are approximately the same as those at the maximum effective pre-delay, but the 
maxima of the curves are shifted towards greater crystal length (see in Figure 4.6 
tdeiay  = 2.4 ps).
The fact that the intensity conversion can exceed 100% is a unique character­
istic of GVMFD. For SHG of a long pulse where the group velocity mismatch is 
unimportant, the energy conversion proceeds in the following way. Each time point
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in the SH pulse always interacts with the same time point(s) in both fundamental 
pulse(s) during the whole conversion process. This means that even for the maxi­
mum energy conversion (100%) the intensity conversion can not exceed 100%. For 
frequency doubling of an ultra-short pulse in KDP (II) where the strong group ve­
locity mismatch exists between the interacting pulse, and when a relatively large 
pre-delay is introduced, one time point in the SH pulse can interact with all time 
points in the fundamental pulses. If we can provide conditions in which efficient 
conversion of the energy occurs from all time points in the fundamental pulse into 
the peak (one time point) the SH pulse, the intensity conversion can far exceed 
100%, as is observed.
Figures 4.10 show the interacting pulses for various crystal thicknessein the case 
of tdeiay= 2.0 ps. At d = 0.1 cm, the weak SH pulse (solid line) (which cannot be 
observed in this scale) is generated in the overlap region of the trailing edge of the 
fundamental o-pulse (dashed line) and the leading edge of the fundamental e-pulse 
(dash-dot line). At d = 0.8 cm, a strong SH pulse has been generated. Notice that 
until now all the energy of the SH pulse is obtained from the trailing edge of the 
o-pulse and the leading edge of the e-pulse. With a further increase in the crystal 
length (d = 1.6, 2.0, 2.5 cm), the energy conversion rate in the region the near peak 
of the SH pulse almost equals the rate at which the fundamental energy flows into 
this region due to group velocity mismatching. Notice that at d = 2.0 cm energy 
reconversion is observed, and it is stronger in the trailing edge of the SH pulse than 
in the leading edge. At d = 2.5 cm the SH intensity conversion achieves its maximum 
~  15 GW/cm2. Notice that the SH intensity conversion can exceed 100% because 
the energy from the fundamental pulses can convert into a much shorter SH pulse as 
explained earlier (in Figure 4.10 (e) the SH pulse duration is < 0.3 ps and ~  4 times 
shorter than the fundamental pulse) because the pre-delay provides the conditions 
for all time points in the fundamental pulses to effectively interact with the peak 
of the SH pulse. For d > 2.5 cm, energy reconversion occurs at the peak of the SH 
pulse, and this rapidly reduces the the SH intensity (Figure 4.10(f)).
For comparison, we have calculated the energy and intensity conversion for an
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(a) d=0.1 cm (b) d=0.8 cm (c) d=1.6 cm
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Figure 4.10: The intensity profiles of the interacting pulses after they pass through the 
various crystal length for T0 = 1 ps, Io p = Iep = 3 GW/cm2 and tdelay- 2 ps.
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incident pulse intensity of 6 GW/cm2 and duration of 1 ps for normal SHG in Type 
I KDP. In those conditions, the maximum energy and intensity conversion occurs at 
d = 2 cm, and are ~  90% and ~  95%, respectively. The corresponding pulse duration 
is 0.98 ps. Comparing those results with Type II SHG (Figure 4.6, 4.7 and 4.8), 
the same high energy conversion of ~  90% can be achieved when 0.6 ps pre-delay 
is introduced. However, we have higher intensity conversion of > 110% and shorter 
pulse duration of 0.71 ps. If we further increase the pre-delay to 2 ps, although the 
energy conversion drops to ~  70 - 75%, the intensity conversion increases to ~  260% 
and the SH pulse duration < 0.3 ps can be obtained. The advantages of an intensity 
conversion exceeding 100% and a SH pulse duration dramatically shorter than the 
fundamental pulse make this technique very attractive for frequency doubling ~  1 
ps pulses at ~  1/xm, which are typical of values obtained from CPA Ndiglass lasers.
4.4.3 Optimum Pre-Delay for Energy and Intensity Conver­
sion
For a given incident pulse duration, the maximum energy and intensity conversion 
depend on the incident intensity. Figure 4.11 to 4.17 show the calculated results 
for various intensities for the incident pulses. In all cases both o and e incident 
pulses have the same pulse duration T0 = 1 ps and same intensity 70iP = / C)P. It can 
be seen that the pre-delay and the crystal thickness required for maximum energy 
conversion depend on the incident pulse intensity.
For a relatively low incident intensity, the energy conversion rate is lower, which 
means that to achieve higher energy conversion a larger interaction length is re­
quired. At incident intensities I t = 70)P + 7e p = 1 and 2 GW/cm2 (Figure 4.11(a) 
and 4.12(a)), the maximum energy conversion occurs at a large effective pre-delay 
tdelay «  2 ps and large effective interaction length d «  2.5 cm. The maximum energy 
conversion efficiency increases with increasing incident pulse intensity and is ~  65% 
at 1 GW/cm2 and 85% at 2 GW/cm2. For a shorter pre-delay ( tdelay < 2 ps), the 
energy conversion is reduced due to a decrease in the effective interaction length.
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At an incident intensity of 3 GW/cm2 (Figure 4.13(a)), the maximum energy 
conversion efficiency reaches a maximum values of > 90% at a pre-delay of ~  1.4 
ps, however the optimum crystal thickness is still ~  2.5 cm.
As the incident intensity further increases (Figure 4.14 to 4.17), the maximum 
energy conversion efficiencies remain around 90%, but the pre-delay and the crystal 
thickness required decrease as the incident pulse intensity increases. For example, 
the optimum pre-delay and crystal thickness are 0.8 ps and 2 cm at an incident 
intensity of 4 GW/cm2, but are 0.4 ps and 1 cm at 8 GW/cm2.
As can be seen from Figure 4.11(b) to 4.17(b), the pre-delay and the crystal 
thickness required for the maximum intensity conversion are almost independent of 
the incident pulse intensity in the range from 1 to 7 GW/cm2, and have values of 
d «  2.5 cm and tdeiay ~  2 ps, respectively. As could be expected, the maximum 
intensity conversion efficiency increases with the increasing pump intensity. For 
example, when the pump intensity increases from 1 to 7 GW/cm2, the maximum 
conversion efficiency increases from 90% to > 300%.
4.4.4 SH Pulse Compression
In Figure 4.11(c) to 4.17(c), the second harmonic pulse duration is plotted as a 
function of the crystal thickness d for various intensities of the incident pulse. For a 
relatively low intensity incident pulse (1 GW/cm2), the SH pulse duration is almost 
independent of the crystal thickness and pre-delay, and is approximately equal to 
To/y/2. With increasing intensity of the incident pulse, the SH pulse shortens. Since 
the minimum SH pulse duration always corresponds with the maximum intensity 
conversion, then, the pre-delay and crystal thickness required are the same for max­
imum intensity conversion, i.e. tdeiay = 2 ps and d = 2.5 cm for To = 1 ps pulse. 
Figure 4.18(a) shows the SH pulse duration as a function of incident pulse intensity 
for a fixed value tdelay =  2 ps and d = 2.5 cm. At a pump intensity of 8 GW/cm2, 
the SH pulse duration is ~  5 times shorter than the fundamental input pulse. In 
the same conditions, the energy conversion and intensity conversion are ~  65% and
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> 300% (Figure 4.18(b) and 4.18(c)), respectively.
Figures 4.19 and 4.20 show the calculated results of the SH pulse duration as 
function of the incident pulse intensity for T0 = 0.7 and 1.5 ps, respectively. As 
can be seen, for both cases, the minimum compressed pulse durations are ~  0.2 ps, 
that is approximately independent of the incident pulse duration. This means that 
for a longer incident pulse, a higher compression ratio can be achieved. However, 
for a longer incident pulse, the energy conversion and reconversion process gets 
more complex, and for a relatively high incident pulse intensity, a sub-peak pulse is 
generated on both sides of the SH pulse (Figure 4.21(c)). These pulses originate from 
competition between the second harmonic generation and reconversion of the second 
harmonic through parametric amplification in regions where the second-harmonic 
intensity and the intensity of only one of the fundamental pulses is high (this process 
will be described in detail in Chapter 5). This could be a limitation when a high 
contrast steeply rising pulse is required. To obtain a high contrast pulse for a long 
incident pulse (T0 = 1 .5  ps), a relatively low incident pulse intensity must be used, 
but this in turn reduces the compression ratio. For a relatively short pulse To = 0.7 
ps (Figure 4.21(a)), even at very high incident pulse intensity 8 GW/cm2, the SH 
pulse is still very clean and free from the effects of double reconversion. For T0 = 1 
ps at an incident pulse intensity of 6 GW/cm2 (Figure 4.21(b)), the SH pulse has 
a slight “distortion” but this does not affect the contrast significantly. Hence, it 
is better to use a relatively short incident pulse duration (T0 < 1 ps) with a high 
incident pulse intensity in order to obtain a short, pre-pulse free SH pulse.
Finally, we have studied the optimum pre-delay and crystal thickness required 
for maximum intensity conversion and minimum pulse duration for a given incident 
pulse intensity and duration. In general, the optimum pre-delay and crystal length 
depend on the incident pulse intensity and duration. However, we have found that 
for the pulse duration T0 < 1 ps, the optimum crystal length and pre-delay are 
quite insensitive to the incident pulse intensity, i.e., d  «  3.37o|l/v0 — l/u e|_1 and 
tdelay ~  2T0. For example, for T0 = 1 ps, d  »  2.5 cm and tdelay «  2 ps at the 
incident pulse intensity of 1-7 GW/cm2. However, when a pulse duration T 0 >  1
110
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Figure 4.21: The SH pulse shapes: (a) T0 = 0.7 ps, I0>p = Itp = 4 GW/cm2, tdelay = 1.4 
ps and d = 1.8 cm; (b) T0 = 1.0 ps, I0<p = Itp = 3 GW/cm2, tdelay = 2 ps and d = 2.5 
cm; (c) T0 = 1.5 ps, Iop = Iep = 3 GW/cm2, tdelay = 2 ps and d = 2.5 cm.
ps, the optimum crystal thickness and pre-delay depend more strongly on the pulse 
intensity and cannot be calculated by a simple formula.
4.5 C ontrast Im provem ent
We have investigated the effect of the frequency doubling on the contrast ratio of 
the pulses involved. Theoretically, when a laser pulse is frequency chirped and 
subsequently compressed (e.g. by using an optical fibre and a pair of gratings) the 
output pulse consists of a short main pulse and two wings each containing a series of 
satellites. Therefore, the intensity contrast ratio of the compressed pulse is typically 
very low (< 100). By using the spectral shaping method (see the chapter 3), the 
intensity contrast can be increased to > 1000. Frequency doubling, as a nonlinear
process, thus appears as a way of further improving the contrast of compressed short 
laser pulses.
To test this we have modelled the compressed pulse after spectral shaping in the 
form shown in Figure 4.22(a). The intensity profiles of the main pulse and the pre-
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Figure 4.22: An illustration of the improvement in the intensity contrast ratio by fre­
quency doubling a pulse with satellites which model low intensity pre-pulse for compressed 
pulses: (a) the shape of the model input pulse, (b) the second harmonic pulse obtained 
when two such pulses with T0 = 1 ps, I op = Iep = 3 GW /cm2 and with the relative 
pre-delay tdelay = 2 ps are launched into the Type II KDP crystal with the thickness d = 
2.5 cm.
114
and post-pulses are Gaussian and all with the same pulse duration To— 1 ps. The 
intensity contrast ratio in this case was assumed to be 1000. Now, two such pulses 
with / 0iP = Ie,p =  3GW/cm2 (for main pulses) with a relative pre-delay tdelay = 2 ps 
were launched into the Type II KDP crystal with thickness d = 2.5 cm. The output 
second harmonic pulse is shown in Figure 4.22(b). As could be expected, the contrast 
is improved to a value of ~  106. Notice that for conventional frequency doubling, 
if the intensity contrast of the incident pulse is R after frequency doubling, the 
contrast of the SH pulse is R2u = R 2 in small signal conditions. For large signal 
conditions, however, normally R2uj < RJ since saturation of the energy conversion 
occurs at the peak of the SH pulse. In contrast, for GVMFD, as in the above 
example, the intensity of the SH pulse can be much higher than the fundamental 
pulse, thus, even at a very high conversion efficiency a contrast enhancement close 
to the value of R?, can still be achieved.uj
4.6 Sum m ary
We have shown that the apparent disadvantage of Type II SH conversion for short 
laser pulses arising due to group velocity mismatch between the three interacting 
pulses can be used, in fact, to advantage by pre-delaying the e- and o-pulses appro­
priately. The energy and intensity conversion as a function of the crystal length in 
KDP (II) have been studied in detail for a given pulse duration and various inten­
sities. By optimizing the pre-delay and crystal length, energy conversions of ~  90% 
can be achieved for a wide range of pulse intensities ( 2 - 8  GW/cm2). The unique 
feature of such SHG is the very high intensity conversion (>• 100%) and simulta­
neous pulse shortening (the SH pulse duration can be <C fundamental pulse). For 
example, an intensity conversion of ~  260% and a SH pulse duration of < 0.3 ps can 
be obtained in 2.5 cm KDP (II) for a 1 ps fundamental pulse with a peak intensity 
of 6 GW/cm2 (70>p + ICjP) and 2 ps pre-delay. This high intensity conversion and 
short SH pulse duration make this technique very attractive for frequency doubling 
~  1 ps pulses at ~  l//m, which are typical of values obtained from CPA Ndrglass
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lasers.
We have also investigated improvement of the contrast ratio of the pulses from 
our CPA laser using frequency doubling. The results show that the intensity contrast 
of the pulses from our CPA laser can be increased from > 103 to > 106 after frequency 
doubling. This improved intensity contrast is able to support experiments on ultra- 
short pulse laser-matter interactions at an intensity of ~  1016 - 1017 W/cm2 for 
plasma production thresholds around 1010 W/cm2. This already lies in a very useful 
intensity range.
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Chapter 5
Experim ental Studies of SHG of 
Ultra-short Nd Laser Pulses
5.1 Introduction
The previous chapter predicted that group velocity dispersion in KDP could be used 
to advantage to increase the conversion efficiency for second harmonic generation 
of picosecond duration 1 / i m  laser pulses. In normal circumstances when using 
type II frequency doubling in KDP with pulses with durations less then ~  2 ps, 
group velocity dispersion between the o and e-ray fundamental waves and the second 
harmonic limits the maximum conversion efficiency since the three interacting waves 
become physically separated after passing less than 1 cm through the crystal.
However, we found that for KDP the e-ray fundamental pulse moves faster than 
the o-ray fundamental and the group velocity of the second harmonic pulses is 
very close to the arithmetic mean of the fundamentals [105]. Hence, delaying the 
fundamental e-pulse relative to the o-pulse when it entered the crystal by a time 
~  To would effectively double the interaction length and improve the conversion 
efficiency for second harmonic generation. The predicted energy conversion efficiency 
for 6 GW/cm2 and ~  1 ps duration pulses in a 25 mm thick KDP crystal rose from 
~  30% to ~  90% when a 0.6 ps delay weis added, but additionally a remarkable
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increase in the intensity conversion efficiency from ~  50% with no pre-delay to 
~  260% was found when the pre-delay was ~  2 ps. The high intensity conversion 
is due to a four fold temporal ” compression’1 of the second harmonic pulse. This 
occurs because the differences in group velocities causes one time point in the second 
harmonic pulse to interact with all time points in the two fundamental pulses as 
the e-pulse fundamental overtakes the o-pulse. In principle, therefore, energy can 
be transferred from the fundamentals into a much shorter second harmonic pulse. 
Predictions of the beneficial effect of pre-delaying the input pulses to compensate 
for group velocity dispersion were mentioned in a recent paper by Pronko et al [82]. 
on second harmonic generation, although the effect on pulse duration was missed. 
Similar techniques have also been applied to optical parametric oscillators [23, 50].
In this chapter we will present the experimental results which demonstrate the 
theoretical predictions on highly efficient energy conversion of picosecond laser pulse 
into its second harmonic frequency [106] and the second harmonic pulse compression 
[107].
5.2 H ighly  Efficient E nergy C onversion
The experiments reported in this section used the table-top TW Nd:glass laser at 
the Laboratory for Laser Energetics, University of Rochester, due to the ANU laser 
system being still under construction.
5.2.1 Experim ental Parameters
The table-top TW Nd:glass laser [10] at the University of Rochester was used for the 
initial experiments. Figure 5.1(a) shows the autocorrelation trace of the laser output 
pulse which was measured by using a single shot autocorrelator [10] based on the non- 
collinear SHG technique (the SHG crystal was 1 mm thick LÜO3). The measured 
FWHM of the autocorrelation trace was 2.3 ps, which gave the pulse duration as 
1.6 ps for a Gaussian pulse profile. Figure 5.1(b) shows the measured spectrum. It
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Figure 5.1: (a) Measured Autocorrelation trace of the pulse from the fiber: The FWHM of 
the autocorrelation function was 2.3 ps; the pulse duration was 1.6 ps assuming a Gaussian 
pulse shape, (b) The corresponding frequency spectrum with a FWHM of 9.7 Ä.
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was characterized by a Gaussian shape with a bandwidth of 9.7 Ä (FWHM), which 
gave a time-bandwidth product of ~  0.44. This was consistent with the Gaussian 
pulse shape measured using the autocorrelator [10]. The maximum output energy 
in a single pulse was ~  10 mJ measured using a pyroelectric calorimeter.
Strong spatial filtering was used to provide a smooth beam about 1 cm in di­
am eter at the doubling crystal. Near field images were recorded on Kodak TMAX 
film and converted to intensity data after correction for the known film response. 
The beam profiles used in the various experiments were fitted by a truncated super- 
Gaussian function
— I  peak p (5.1)
for x,y lying within an ellipse [(x/xmax)2 +  (y /ymax ) 2 =  1]; and Id(x,y)  =  0 outside 
this region. Where rx and ry are the beam size (FWHM of the intensity) on the x 
and y axis, respectively; xmax and ymax are two semi-axes of the ellipse.
To determine the peak pulse intensity / peajt from the measured pulse energy and 
duration, we assumed the pulse had a Gaussian shape in time, so
2MI { t , x , y )  = I peak exp j - l n 2  
and the total energy of the pulse is:
r
W tota l  —  Ipeak I
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From the above equation the peak intensity is given by:
W tol
Ipeak Ct^s'
* fwhmTo
where
and
r+ooU exp
* x 21
—4 In 2 [
T0.
X m a x  r y m a x  y j l - ( l / X m o i ) ^
7T rxry
f
/ dx 
Jo Jo
exp
x exp
} -
— In 2
— In 2
=  0.9394
(5.2) 
dy
(5.3)
(5.4)
(5.5)
'2|x|
f'x
Av\
? ) > }
-1
(5.6)
120
are constants determined by temporal pulse shape and spatial intensity distribution, 
respectively; Sfwhm — (7r/4)rxry is the beam area at the FWHM intensity points.
Table 5.1: Measured beam parameters for the various experiments.
Experiment n m rx ry Z m a x V m a x
# i 2 3.5 7.6 mm 9.2 mm 5.9 mm 6.3 mm 0.9042
#2 3 5 10.2 mm 11.9 mm 7.0 mm 7.4 mm 0.9173
#3 3 3 10.9 mm 10.9 mm 7.1 mm 7.1 mm 0.9191
#1: SHG with no pre-delay.
#2: SHG with 1.46 ps pre-delay.
#3: Polarization angle scan with no pre-delay.
The measured parameters of the beam profiles in the various experiments are 
listed in the table 5.1. The following example illustrates the method for determining 
the beam parameters and peak intensity from the measured beam profiles. Figure 
5.2 shows the measured beam profiles along the x- and y-axes in experiment #2 
(solid line) and the theoretical fit (dashed line) to the super-Gaussian function with 
the values of parameters being: n = 3; m = 5; rx = 10.2 mm; ry = 11.9 mm; xmax = 
7.0 mm; ymax = 7.4 mm. From those values the calculated integral of Equation 5.6 
gives ca = 0.9173. So according to Equation 5.4, the peak intensity corresponding 
to 1 mJ total energy was 0.57 ±0.11 GW/cm2 for a 1.6 ps duration pulse.
Figure 5.3(a) shows the experimental arrangement for SHG without a pre-delay. 
Since the type II SHG process is sensitive to the polarization state of the incoming 
beam, a dielectric polarizer was placed at the output of the laser to ensure the beam 
was linearly polarized at the crystal. The alignment accuracy of the o- and e-axes 
relative to the beam polarization was known to < 2°. The KDP(II) doubling crystal 
was 25 mm thick with sol-gel AR coatings on its input face for 1.06 ^m and on its 
output face for 0.53 fim. Calibrated detectors monitored the incoming laser energy 
and second harmonic emission to an accuracy of ~  5% at maximum energy.
For the experiment on SHG with the pre-delay (Figure 5.3(b)), the pre-delay 
was introduced by passing the input beam through a 15 mm thick, 53°-cut, KD*P
121
(a)
y (mm)
Figure 5.2: Measured beam profiles (solid lines): (a) The intensity distribution along the 
x-axis; (b) the intensity distribution along the y-axis. The theoretical fit using a truncated 
super-Gaussian function with parameters: n = 3, 'rn = 5, rx =10.2 mm, ry = 11.9 mm, 
X m a x  = 7.0 mm, xjmax = 7.4 mm.
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(a)
KDP Crystal (II) 
25mm1.6psec FilterPolarizer Energy Meter
Phase Matching
Energy Monitor
(b)
K l/P Crystal 
15mm
KDP Crystal (II) 
25mm1.6psec Polarizer Filter Energy Meter
Phase MatchingPhase Mismatching
Energy Monitor
(C)
KDP Crystal (II) 
25mm1.6psec FilterPolarizer Energy Meter
Phase Matching
Energy Monitor
Figure 5.3: Experimental arrangements for SHG: (a) without the pre-delay; (b) with the 
predelay; (c) for the polarization angle scan with no pre-delay.
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Figure 5.4: Autocorrelation trace of twin pulse with time separation At which was induced 
by passing a 0.7 ps pulse through a 15 mm KD*P crystal (53°-cut). The measured pulse 
separation is 1.35 ± 0.10 ps.
crystal with its o and e directions aligned at 90° to those of the KDP doubling 
crystal. The predicted pre-delay (at 53°) is 1.46 ps (calculated from Eimerl [20]) 
which is close to the value of 1.35 ±  0.10 ps measured directly using a 0.7 ±  0.1 ps 
compressed pulse from the output of an optical fiber using an autocorrelator (this 
measurement was made at the ANU and the arrangement is shown in Chapter 3). 
The measured autocorrelation trace is shown in Figure 5.4.
Figure 5.3(c) shows the experimental arrangement for scanning the polarization 
angle with no pre-delay. This arrangement is same with Figure 5.3(a) except that 
there is a half waveplate (at 1.053 /im) placed behind the polarizer which was used 
to change the polarization angle of the input pulse.
5.2.2 Results
Calculations were made to predict the energy conversion efficiency with and without 
the pre-delay for the experimental parameters indicated above (Figure 5.5). In 
the absence of a pre-delay, the plane wave conversion peaked at ~  40% at ~  2.5
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Figure 5.5: Computed plane wave second harmonic conversion efficiencies plotted as a 
function of laser intensity with (solid) and without (dashed) a 1.46 ps pre-delay for type 
II SHG in a 25 mm thick KDP crystal and for various polarization angles relative to the 
e-direction.
GW/cm2, whilst with a 1.46 ps pre-delay the conversion rose to ~  87% at an intensity 
of ~  1.8 GW/cm2. Since the type II SHG process is sensitive to the polarization 
state of the incoming beams, calculations were made to determine the effect of 
rotating the polarization relative to the o and e axes of the doubling crystal. A 
large drop in conversion occurred for a 6° error in alignment of the polarization, 
which is equivalent to ~  1% depolarization of the input beam. Hence the polarizer 
in front of the doubling crystal played an important role in the experiments.
The results of the measurements of the SHG conversion efficiency are shown 
in Figure 5.6, 5.7 and 5.8. Without the pre-delay (Figure 5.6) with input beam 
polarization at 45 ±2° to the o- and e-axes, the conversion peaked at about 40 ±3% 
at Iprak ~  4 GW/cm2 and was relatively insensitive to laser intensity over a wide 
range. In the same conditions but with the addition of the pre-delay (Figure 5.7) 
the conversion peaked at 74±3% at Ipeak «  2.0 ±0.5 GW /cm2. The solid curves are 
the result of computer predictions after spatial averaging over the measured beam 
profile, and taking the finite beam divergence (150 /irad in air corresponding to an
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Peak Intensity (GW/cm2)
Figure 5.6: The second harmonic conversion efficiency as a function of laser intensity 
without pre-delay is compared with the computer predictions spatially averaged over the 
measured beam profile for 0 (dashed curve) and 150 /xrad (solid curve) beam divergence.
Peak Intensity (GW/cm2)
Figure 5.7: The second harmonic conversion efficiency as a function of laser intensity with 
pre-delay is compared with the computer predictions spatially averaged over the measured 
beam profile for 0 (dashed curve) and 150 /xrad (solid curve) beam divergence.
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Polarization Angle (Degree)
Figure 5.8: The measured conversion efficiencies as a function of polarization angle rel­
ative to the e-direction at /  = 2.0 ±  0.4 GW/cm2 without pre-delay are compared with 
computer predictions spatially averaged over the measured beam profile and for 0 (dashed 
curve) and 150 /xrad (solid curve) beam divergence.
Peak Intensity (GW/cm2)
Figure 5.9: Predicted plane wave second harmonic pulse duration as a function of laser 
intensity with a 1.46 ps pre-delay. Pulse shapes of the second harmonic at input intensities 
of 1.5 GW/cm2 and 8 GW /cm2 are shown in the inserts.
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about 1 cm diameter beam) into account. Figure 5.8 compares the measured and 
calculated conversion efficiency without a predelay as a function of beam polarization 
angle relative to the e-axis. As is evident, the experimental data are all in excellent 
agreement with the computer predictions. Comparison of Figures 5.5, 5.6 and 5.7 
shows that spatial averaging causes as a 10% drop in the peak conversion efficiency 
and moves the peak to slightly higher intensities.
Of interest is the predicted second harmonic pulse duration (FWHM intensity) 
with and without the 1.46 ps pre-delay, which is plotted as a function of intensity for 
the plane wave case in Figure 5.9; the inserts show the pulse shapes at Ipeak = 1 .5  
and 8 GW/cm2. Notice strong pulse compression occurs in the presence of the pre­
delay, with the minimum duration of ~  0.25 ps occurring at an intensity much higher 
than that required for maximum energy conversion. Near that optimum {I^ak ^  
2 GW/cm2) the second harmonic pulse duration was ~  0.9 ps and the predicted 
intensity conversion ~  140%. Notice that the pulse envelope becomes distorted 
developing "wings” at higher intensities. These originate double reconversion which 
occurs because of competition between second harmonic generation and reconversion 
of the second harmonic via parametric amplification in regions where the second 
harmonic intensity and the intensity of only one of the fundamental pulses is high, 
as will be explained later. At lower intensities reconversion is not as strong and 
wing-free pulses are obtained. Notice also that the 1.46 ps pre-delay for the 1.6 ps 
pulse in this experiments is not the optimum value. At the optimum pre-delay (~ 
2 ps), we should be able to obtain higher intensity conversion and a better pulse 
shape.
Due to suitable equipment not being available at the University of Rochester to 
measure the second harmonic pulse duration and shape, the second harmonic pulse 
compression effect was not confirmed in this experiment. However, subsequently 
the experiment was repeated at the Australian National University where a suitable 
SH autocorrelator was available and this demonstrated the second harmonic pulse 
compression effect. The results are presented in the next section.
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5.3 Frequency D oubling P u lse  Com pressor
In the last section we demonstrated that a marked increase in the efficiency of type 
II second harmonic generation for 1.2 ps Nd laser pulses in KDP occurred when a 
pre-delay of 1.46 ps was introduced between the e and o fundamentals at the input 
to the doubling crystal. The pre-delay compensated the normally deleterious effect 
of group velocity dispersion in the doubling crystal which would typically separate 
the interacting pulses after only about 1 cm of propagation. It was observed that the 
energy conversion efficiency approximately doubled from 40% to 75% when a 1.46 
ps pre-delay was used, in excellent agreement with computer simulations. A second 
prediction from the simulations, namely that the second harmonic pulse duration 
could be much less than that of the fundamental, was not confirmed in this earlier 
work since a suitable single shot autocorrelator for the second harmonic emission 
was not then available.
In this section we present measurements of the second harmonic pulse duration 
which confirm that the predicted pulse compression does occur and results in power 
conversion efficiencies as much as 240% in these experiments.
5.3.1 Experim ental Setup and Parameters
The experimental setup is illustrated in Figure 5.10. 52 ps duration pulses from a 
mode-locked Nd:YLF laser (Coherent ANTARES) were passed through a 1 km long 
single mode optical fiber to stretch the pulse to 183 ps duration with a bandwidth 
of 42 A. A single output pulse was selected using a Pockels cell and injected into an 
11-pass regenerative ring amplifier using Kigre Q98 glass. A 38 /xm thick etalon was 
included within the resonator to shift the peak of the effective gain curve to match 
the Nd:YLF wavelength. The etalon also removed the frequency components at the 
extremes of the spectrum, where a non-linear chirps existed, more effectively than 
achieved by relying on gain narrowing alone. A single 1 - 2  mJ pulse was switched 
from the regenerative amplifier and amplified further using a double pass 12 mm 
aperture amplifier to ~  60 mJ. The output beam from the amplifier was collimated
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and passed through a double-pass grating pair pulse compressor (using a pair of gold 
coated, 1200 1/mm replicated gratings). The output pulse duration was measured 
using a single shot autocorrelator and the autocorrelation trace was recorded using 
a Reticon detector. The pulse was 1.2 ps long (FWHM) with an almost Gaussian 
shape and had a time bandwidth product of 0.47. Figure 5.11 shows the spectrum 
and autocorrelation trace of a typical 1.053 pulse.
To provide an approximately uniform intensity distribution at the frequency 
doubling crystal, the approximately 2 cm diameter Gaussian beam was truncated 
by passing it through a 1 cm diameter aperture. The measured beam profiles (solid 
lines) are shown in Figure 5.12. The theoretical fit (dashed line) by using super- 
Gaussian function (Equation 5.1) gives the beam parameters: n = m = 2.5, rx = 
ry = 12.5 mm, xmax =  ymax = 5.1 mm, and ca = 0.9251. From which, the peak 
intensity corresponding to 1 mJ total energy was 0.59 ±  0.12 GW/cm2 for a 1.2 ps 
Gaussian pulse.
After truncating the beam, approximately 10% of the laser energy was directed 
to a pyroelectric Joulemeter whilst the remainder entered the frequency doubling 
system. The unconverted IR light was removed using a BG18 filter and the second 
harmonic energy recorded using a second pyroelectric Joulemeter. The laser energy 
entering the doubling crystal (25 mm thick KDP (II)) through the 1cm aperture 
was varied between 1-10 mJ by changing the gain of the regenerative amplifier. A 
15 mm thick KD*P pre-delay crystal introduced a 1.46 ps predelay between the e- 
and o- IR components at the input to the doubling crystal. The energy conversion 
efficiency was again determined with and without the pre-delay and as a function 
of laser intensity.
Some of the second harmonic output pulse was diverted to a different autocor­
relator for measurement of the second harmonic pulse duration. Since the beam 
crossing angle in the 90° cut autocorrelator crystal was only about 6°, careful atten­
tion was needed to ensure the beams entering the autocorrelator were uniform over 
distances of 5 mm to avoid intensity modulation in the beam becoming imprinted on 
the autocorrelator signals. The 263 nm output beam was imaged onto a windowless
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Figure 5.11: (a) Autocorrelation trace of the 1.053 /xm compressed pulse from the ANU 
CPA Nd laser, (b) the corresponding pulse spectrum.
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Figure 5.12: Measured beam profiles from the ANU laser.
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Reticon detector using a fused silica lens.
5.3.2 Experimental Results and Discussions
The energy conversion measurements are shown in Figure 5.13. The results are very 
similar to those reported in Section 5.2.2. With no predelay the peak conversion 
was about 40% at 3 - 4 GW/cm2, whilst adding the 1.46 ps pre-delay increased 
the conversion to around 75% at 2-3 GW/cm2. The only significant experimental 
differences in comparison with the earlier work was that the laser pulse in the exper­
iments reported here was shorter (1.2 ps compared with 1.6 ps), which had a small 
effect on the way in which the conversion efficiency varied with laser intensity.
W 20
Intensity (GW/cm2)
Figure 5.13: The SH energy conversion efficiency measured as a function of the laser 
intensity without pre-delay ( a ) and with pre-delay ( ■ ).
In Figure 5.14 - 5.17, a series of autocorrelator traces of the second harmonic 
pulses are presented for different laser intensities. At an intensity of 0.6 GW/cm2, 
the energy conversion was ~  40%, and the second harmonic pulse had the maximum 
duration of 0.93 ps, which gave an intensity conversion of 52%. At the intensity (2.7 
GW/cm2) where peak energy conversion (~  75%) was observed, the pulse duration
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= 0.93 ps
FWKM
__ I
Time Delay (ps)
Figure 5.14: Autocorrelation trace for the 527 nm frequency doubled beam using a 1.46 
ps pre-delay at the input intensity = 0.6 GW/cm2.
0.63 ps
FWHM
0.90 psöp 0.6
Time Delay (ps)
Figure 5.15: Autocorrelation trace for the 527 nm frequency doubled beam using a 1.46 
ps pre-delay at the input intensity = 2.7 GW /cm2.
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Figure 5.16: Autocorrelation trace for the 527 nm frequency doubled beam using a 1.46 
ps pre-delay at the input intensity = 5.3 GW/cm2.
0.23 psec
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0.2 -
Time Delay (psec)
Figure 5.17: Autocorrelation trace for the 527 nm frequency doubled beam using a 1.46 
ps pre-delay at the input intensity = 7.2 GW/cm2.
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was 630 fs (Figure 5.15), indicating a power conversion efficiency of 140%. At 
higher intensities the second harmonic pulse duration shortened markedly (Figure
5.17) reaching a minimum around ~  250 fs at ~  7 GW/cm2. At this intensity 
the energy conversion efficiency was ~  50% and the intensity conversion efficiency 
reached 240%.
At the highest intensities the autocorrelation traces developed “wings” indicat­
ing a pre-pulse and post pulse was formed near ±500 fs from the main pulse (Figure
5.17) . This had been predicted in the simulations (see Figure 5.9) and was caused 
by the double reconversion of the 1.053 f im  light within the crystal. The process 
is as follows. At sufficiently high intensity, the pump light is converted to second 
harmonic in the first part of the crystal and energy is depleted from both e- and 
o-polarized pump pulses. As the pulses propagate group velocity dispersion sepa­
rates the two polarization components in time so that, in the leading and trailing 
edges of the second harmonic pulse, one of the IR polarization components becomes 
more intense than the other. Energy is then reconverted from the second harmonic 
pulse via parametric amplification to reconstitute the other IR polarization compo­
nent. Almost all the second harmonic power in the leading and trailing edges of 
the second harmonic pulse is eventually depleted by this means. This contributes 
to the reduction in second harmonic pulse duration which occurs with increasing 
laser intensity. After full depletion of the second harmonic, the IR pulse intensities 
become sufficiently large that second harmonic generation again occurs producing 
low intensity pre- and post pulses of second harmonic. Figure 5.18 shows the cal­
culated autocorrelation function at 7.5 GW/cm2, which agrees very well with the 
experimental result (Figure 5.17).
The measured pulse duration as a function of laser intensity is plotted in Figure 
5.19 and compared with the results of computer simulations. Two simulation results 
are presented: the solid line applies to the plane wave case; whilst the dashed line 
represents the experimental situation where the beam divergence was ~  150 /xrad 
(in air), limited by diffraction of the 1 cm diameter beam. Clearly the measured 
pulse durations are in excellent agreement with the predictions.
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Figure 5.18: The calculated autocorrelation function of SH pulse for a 1.46 ps pre-delay 
at the input intensity = 7.5 GW/cm2.
ca 0.6
Intensity (GW/cm2)
Figure 5.19: Measured second harmonic pulse durations compared with computed val­
ues assuming either plane interacting waves (solid lines) or a 150 /xrad beam divergence 
appropriate for a 1 cm diameter beam (dashed curve).
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Figure 5.20: The maximum intensity conversion efficiency (solid line) and the intensity 
at which this is obtained (dashed line) are plotted as a function of IR pulse duration for 
a 25 mm thick KDP(II) crystal and 2 ps pre-delay.
We have made a study to optimize the process of group velocity mismatched 
frequency doubling to obtain the highest intensity conversion efficiency and shortest 
pulse durations (see the previous chapter). The variables are the thickness of the 
doubling crystal; the intensity of the incoming laser; the duration of the input pulse; 
and the pre-delay. The results demonstrate that the optimum crystal thickness is 
largely independent of pulse duration (for values from 1 - 2 ps) and is around 25 mm. 
Using this crystal length the optimum pre-delay is again generally independent of 
the pulse duration and is ~  2 ps. Using these optimal values for crystal length and 
pre-delay fixes the minimum second harmonic pulse duration at around 200 fs. The 
remaining parameters of choice are thus the pulse duration and input intensity. For 
the maximum intensity enhancement the longest possible pulse should be used. We 
plot in Figure 5.20 the variation of the maximum intensity conversion efficiency and 
the intensity at which that maximum occurs as a function of input pulse duration. 
It is obvious from this figure that input intensities of ~  5-6.5 GW/cm2 and 2.5 ps 
pulse durations give the best intensity conversion efficiencies which can approach 
460%. However, when using the input pulse durations greater than ~  1.5 ps, the
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pre- and post pulses located ± 500 fs from the main pulse reach several percent of 
the peak intensity which may be disadvantageous in some applications.
5.4 Summary
In conclusion we have demonstrated that considerable advantage can be obtained by 
adding a delay between the o and e fundamental pulses for frequency doubling of ~  1 
ps high intensity pulses of Nd laser light in KDP. The observed conversion efficiencies 
of up to 75% are to our knowledge the highest values reported so far and open the 
door to very efficient SHG of high power CPA Nd:glass lasers. An additional benefit 
of frequency doubling the output from the laser is a relative reduction by the non­
linear frequency conversion process of the size of the pre-pulse pedestal normally 
associated with CPA systems.
We have also demonstrated, to our knowledge, the first measurements of the 
predicted pulse shortening and 100% intensity conversion SHG with SH pulse 
durations as short as 250 fs and 240% power conversion being obtained when type 
II frequency doubling was used with a 1.2 ps Nd laser pulse and a 1.46 ps pre-delay 
was introduced between the e and o pulses at the input to the crystal. The results are 
in excellent agreement with the predictions of our computer models, confirming that 
processes such as self-phase modulation, which is not included in the simulations, 
do not degrade the pulse compression. Since pulse durations near ~  250 fs can be 
generated by this technique, the performance of a frequency doubled Nd system 
thus becomes comparable with that of the wider bandwidth lasing materials such 
as CriLiSAF or Tiisapphire.
Finally, some comments regarding the use of this technique with the low energy 
lasers are worth including. Since the SH pulse compression happens only at high 
intensity (great a few GW/cm2 for ~  1 ps duration pulses), for relatively low energy 
laser pulses, one must reduce the beam size to obtain sufficiently high intensity. 
However this will increase the beam divergence angle and lower the conversion ef­
ficiency. Recently, Norton, et al [74] have demonstrated that using a multi-crystal
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“alternating-Z” doubler, the tolerance of angular misorientation can be dramatically 
increased compared with using a single crystal. By applying this technique to group 
velocity mismatched frequency doubling, one can use a smaller size beam and re­
duce the required laser pulse energy. Furthermore, although second harmonic pulse 
compression cannot be achieved for a very low intensity pulse, nevertheless since a 
pre-delay can efficiently double the interaction length, thus should still increase the 
conversion efficiency about 4 times due to the efficiency being proportional to the 
square of the crystal length in small signal conditions.
Our final comments concern the limitations of this technique. This technique 
works best when the group velocity of second harmonic pulse lies between the two 
fundamentals. The optimum relationship between the group velocities of the funda­
mental and second harmonic pulse is that the second harmonic group velocity is the 
arithmetic mean of the fundamentals. In an uniaxial crystal, the phase matching 
condition could be satisfied only in one special direction for a given wavelength. 
Hence, there is only small chance that the optimal group velocity can also be satis­
fied for this direction. A survey of a range of uniaxial frequency doubling crystals 
indicates that only KDP provides the correct relationship, and furthermore in KDP 
this only occurs for SHG at wavelengths close to 1 /im. We may still have a chance, 
however, of finding a crystal in which the optimal group velocity requirement could 
be satisfied at some other wavelengths, especially, in bi-axial crystals where there is 
more than one direction in which the phase matching condition can be satisfied.
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C hapter 6
P re-P u lse  E lim ination  B ased  on  
O ptical Param etric A m plifcation
We have previously shown that using spectral shaping in the regenerative amplifier 
by the combined use of gain narrowing and etalon effects, the contrast ratio of >  
103 can be obtained from our CPA Ndiglass laser. Unfortunately, spectral shaping 
cannot remove the frequency unshifted low intensity pre-pulse. Thus, we have sub­
sequently investigated SHG using the normal non-linear response of the doubling 
crystal to reduce this pre-pulse intensity in the second harmonic output. It has been 
shown that the contrast ratio of > 106 can be achieved through the combined use 
of spectral shaping and SHG techniques in our laser.
In this chapter, a new method based on optical parametric amplification (OPA) 
technique is proposed for further improving the intensity contrast. It is predicted 
that a contrast ratio of > 108 at 1.053 /xm is achievable applying this new method 
after spectral shaping in our laser.
6.1 Coup led-W ave E quations for O PA
When a weak input “signal” at u>i and an intense “pump” at u>3 are incident on 
a nonlinear optical crystal, in the phase matching condition, the “signal” wave
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can be amplified, accompanied by simultaneous generation of the “idler” wave at 
cl>2 == ^ 3  (see Figure 6.1), where the energy is transferred from the “pump”
wave to both “signal” and “idler” waves. This process is called optical parametric 
amplification (OPA).
Theoretically, both SHG and OPA are second order nonlinear effects and are 
governed by the same fundamental equations, i.e. Equations (4.2)-(4.4). By replac­
ing the subscripts “1”, “2”, and “3” with V  (idler), “s” (signal) and “p” (pump), 
and making the transformation
t t
( 6 . 1)
(6.2)
Equations (4.2)-(4.4) become
(6.3)
(6.4)
(6.5)
where
K  = Ujdeff (j = q s,p ). ( 6 .6)
Nonlinear
Crystal
Figure 6.1: Optical parametric amplification.
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In Equations (6.3)-(6.5), perfect phase matching has been assumed, i.e. Ak = 
kp — ks — ki = 0.
For an OPA, the coupled Equations (6.3)-(6.5) have the initial conditions:
Aj(t = 0 , 0 < z < d )  = 0 (j  = /,s,p) (6.7)
and the boundary conditions:
IIoII = 0 (6.8)
Aa{t,z = 0) = Aa,o(t) (6.9)
AP(t,z  = 0) = Ap,o(t) (6.10)
where A1}0(t), Aai0(t) and AP}o(t) are the amplitudes of the incident pulses in the 
crystal and are dependent on the incident intensities as
ho  = \ J f 0n>\A>,o\2 Ü = i,e,a) (6.11)
6.2 A P roposa l for a P re-P u lse  E lim inator B ased  
on an OPA
Figure 6.2 shows the schematic diagram of an OPA based pre-pulse eliminator 
(OPAPE). In this scheme, the incident pulse /,•„($) with frequency u> is split into 
two pulses I\(t) and h(t),  where Ii(t)  ^  h(t).  h(t)  is used as an input “signal” 
Ia,o{t) = ^(t)  for the parametric amplifier. Ii(t)  is sent to the frequency doubler, and 
the SH pulse Iah(t) from the doubler is used as the “pump” pulse Ip<o(t) =  Iah{t) for 
the parametric amplifier. The “signal” and “pump” pulses are recombined through 
a dichroic beamsplitter. In the parametric amplifier, the amplification of the “sig­
nal” wave is accompanied by the generation of the “idler” wave at ujj = ljv — u>a = u>. 
This particular process, where u>7 = u>a, is called degenerate OPA, which is exactly 
the reverse process of SHG.
To estimate the contrast ratio of the “signal” and “idler” pulses, we assume that 
the incident pulse has a relative low intensity contrast Rw. Since the input “signal”
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Figure 6.2: OPA based pre-pulse eliminator.
pulse also has low intensity contrast due to I9(t) oc ), its intensity contrast 
ratio after amplification can not be significantly improved. However, for the “idler” 
pulse generated from the “signal” and “pump” pulses, its intensity in small signal 
conditions is oc Ip,o(t)I9to(t) oc Ifn{t), where Ip,o(t) = /,/»(*) oc Thus, the
intensity contrast of the “idler” pulse is ~  .R3. This demonstrates the extremely 
strong enhancement of the contrast ratio that can be obtained, and for example, if 
the contrast ratio for the incident pulse is 103, the contrast ratio will be 109 for the 
“idler” pulse. From the above discussions, only the “idler” pulse will have a high 
contrast after OPA, so it will be the most useful signal for our purposes.
For an ultra-short pulse (~  1 ps) OPA, we have to ensure that the angular 
and spectral acceptances of the nonlinear crystal to be used must be larger than 
the divergence angle and frequency bandwidth of the laser beam, respectively. In 
addition, to avoid broadening of the “idler” pulse , the group velocity mismatch 
between the “pump” and “idler” pulses must be small. We have found that Type 
II KD*P is better than Type II KDP for this application as discussed below (here 
we only consider Type II phase matching since the angular tolerance of the Type II 
process is larger than that of the Type I process in both KDP and KD*P).
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The spectral acceptance of KD*P (II) is 140 Ä-cm (138 Ä-cm for KDP) for SHG 
at ~  1 /zm in small signal conditions (according to Ref. [39, 82], Since the degenerate 
OPA is the reverse process of SHG, this value is also applicable for on to OPA at 
A, =  Aj «  1 /zm. In this case, the spectral acceptance does not limit the OPA using 
~  1 ps duration pulses in KD*P (II) (and KDP (II)). From Table 6.1, we can see
Table 6.1: The parameters in KD*P for Type II phase matching DOPA 
at pump wavelength of 0.527 /zm or SHG at the fundamental wavelength 
of 1.053 /zm.
Phase matching angle“ 0pm =  53.9“
n 0(u>) = 1.493308
Refractive index“ n e{ u>) =  1.470169
n e(2uj) =  1.481739
v0(u>) = 1.981839 x 10(б) *8 m /s
Group velocity“ II%> 2.020840 x 10s m /s
ve(2u) = 1.988503 x 108 m /s
Nonlinear coefficient6 * dse =  0.37 x lO” 12 m /V
Effective nonlinear coefficient“ dcf f — d-36 sin 0pm
c to (u ) =  0.04 cm-1
Absorption coefficient^ <*c(w) =  0.04 cm-1
a e(2uj) =  0.05 cm-1
(а) Calculated from the dispersion equation given by Kirby and DeShazer [39].
(б) See Ref. [18].
(c) See Ref. [14].
(d) See Ref. [54].
th a t the group velocity of one of the polarized waves, i.e. the u  o-ray, is very close to 
th a t of the 2u> e-ray in KD*P (II), but not in KDP (II) (see Table 4.1). This means
th a t KD*P (II) more closely satisfies the requirement mentioned above. Hence, we
chose KD*P (II) as the OPA crystal, and take the o-pulse as the “idler” wave, and
e-pulses at lj and 2u  as the “signal” and “pum p” waves respectively. In Figure 6.2,
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the polarization rotator is used to satisfy these polarization requirements. After the 
OPA, the “idler” pulse can be extracted using a polarizer since it is in a crossed 
polarization state to both “signal” and “pump” pulses.
For simplicity, in this particular example, we chose a conventional SHG arrange­
ment (no pre-delay between o- and e-polarization at the entrance of the crystal) for 
the frequency doubler. From Table 4.1 and 6.1, the effective interaction length of the 
fundamental o- and e-pulses for T0 = 1 ps at 1.053 //m is T0\ l /vg}O(u>) — l / v gie(uj)\~l =  
0.78 cm for KDP (II) and 1.02 cm for KD*P (II). So the energy conversion in KD*P 
(II) will be more efficient than in KDP (II) for a conventional SHG arrangement, 
and hence we chose KD*P (II) as the frequency doubler.
6.3 S im ulations of C ontrast E nhancem ent
For the arrangement shown in Figure 6.2, let us assume that the incident pulse 
intensity has Gaussian shape:
duration (FWHM).
The optimum crystal length to achieve the maximum SH peak intensity depends 
on the I\(t) («  7tri)P). Figure 6.3 shows the calculated SH (peak) intensity as a 
function of the crystal length d for To = 1 ps and 7iiP = 7 GW/cm2. For these 
conditions, the optimum length is d =  0.8 cm and the peak intensity of the SH pulse 
is Iah,p{t) 5.5 GW/cm2. Note that when the crystal length is longer than the
optimum, energy reconversion leads to a decrease of the SH peak intensity.
For the parametric amplifier, the optimum crystal length depends not only on 
IP}o(t), and Is,o(t), but also on Tdeiay (the “signal” pulse delay relative to the“pump” 
pulse at the entrance to the crystal). Figure 6.4 shows the calculated peak intensity 
of the “idler” pulse 7/)P as function of the crystal length d, for To =  1 ps, 7i)P = 7 
GW/cm2, 7S)P= 0.15 GW/cm2 and r^/ay— 0.6 ps, where the output of the frequency
21
( 6 . 12)
where 7;n,p is the peak intensity of the incident pulse at w, and T0 is the pulse
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■ . 1 .
Figure 6.3: The SH intensity from a KD*P vs crystal length for T0= 1 ps and I lp= 
GW/cm2.
d (cm)
Figure 6.4: The “idler” pulse intensity from an OPA vs crystal length for T0= 1 ps, / lp 
7 GW/cm2, I , tP = 0.15 GW/cm2 and rdeiay = 0.6 ps.
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doubler (0.8 cm KD*P (II)) is taken as the input “pump” pulse for the parametric 
amplifier. It can be seen that the intensity of the “idler” pulse reaches its maximum 
(~ 2.7 GW/cm2) at d = 1.5 cm, and slowly decreases when d is further increased due 
to the energy reconversion to the “pump” pulse. The overall intensity conversion 
(IR in to IR out) is ~  38%.
To demonstrate contrast enhancement by the OPAPE, a Gaussian shape main 
pulse with a constant pre-pulse wets used as the input to the OPAPE. Figure 6.5 
shows several examples of the pulse for a main pulse with T0 = 1 ps and /,n p = 
7.15 GW/cm2 (where Ji)0=  7.0 GW/cm2 and ISiP = Jli0 = 0.15 GW/cm2) and for 
the different intensity contrast ratios / tn,p/7pre=100, 500, 1000, 2000 and 5000. The 
calculated SH pulses (i.e., the input “pump” pulse for the OPA) are shown in Figure
6.6 when a 0.8 cm long crystal was used as the frequency doubler. The output pulse 
shapes (the“idler” pulse from the OPA) were calculated and are shown in Figure
6.7 for a 1.5 cm long parametric amplifier crystal. We can see from that figure that 
the intensity contrast ratio has been dramatically enhanced. For example, intensity 
contrast values of the incident pulse of 100 and 5000 are increased after the OPA to 
~  105 and ~  1010 respectively. Note that the contrast enhancement here is less than 
( I i n , p / I p r e ) 3 (which corresponds only to the small signal limit). This is because the 
intensity conversion saturates at the peak of the main pulse but not in the pre-pulse 
region. The “idler” pulse duration is ~  0.6 ps, which is shorter than the incident 
pulse duration of 1 ps. The energy conversion from the incident pulse to the “idler” 
pulse is ~  20%. The remaining energy is lost, ~  30% during SHG and ~  50% during 
OPA (which includes the energy converted into the “signal” pulse).
We now consider separation of the “idler” pulse from the other pulses after 
the OPA in a practical case. Since both the “signal” and “pump” pulses have 
e-polarization and the “idler” has o-polarization, one may separate them using po­
larizers (see Figure 6.2). However, this requires an extremely high extinction ratio 
for the polarizer. For example, to extract the “idler” pulse with a contrast ratio of 
108 would require an extinction ratio of 108. To achieve this, multiple polarizers can 
be used, but very careful alignment is still required.
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t (psec)
Figure 6.5: The incident pulses used to calculate the performance of the OPAPE: (a) 
I i n , p / I p r c =  100; (b) I iniP/ I p r e =  500; (c) I in<p/ I p r e =  1000; (d) I in>p/ I p r e =  2000; and (e) 
I \ n , p l  I p r e =  5000.
150
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Figure 6.6: The SH pulses generated from input pulses with contrast ratios: (a) 100; 
(b)500; (c) 1000; (d) 2000; and (e) 5000.
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Figure 6.7: The output pulses from the OPAPE corresponding to the input pulses shown 
in Figure 6.5.
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kd*p ai)
Figure 6.8: Non-collinear phase matched OPA.
In the above discussions, we assumed in the phase matching condition that the 
interacting pulses all travelled in the same direction, i.e. collinear phase matching 
was assumed. However, non-collinear phase matching can also be used. In a non- 
collinear phase matched OPA (see Figure 6.8), the “idler” pulse travels in a direction 
different from the “signal” and “pump” pulses. However, it should be borne in mind 
that for ultra-short pulses the angle between the “signal” and “pump” beams must 
be small, otherwise narrowing of the “idler” beam will occur [34]. It is very simple 
to separate the “idler” pulse from a non-collinear phase matched OPA. If the angle 
between the “signal” and “pump” beams is the order of a few mrad and the diameters 
of all three beams are around 1 cm, the “idler” beam will be spatially separated from 
the other two beams after travelling a few meters.
Since the energy conversion from the incident pulse to the "idler” pulse is rel­
atively low, using an OPAPE at the end of the CPA Nd laser system would cause 
serious energy loss. The better choice, which removes this energy loss, would be to 
use the OPAPE before the main amplifiers and compensate the losses by increasing 
the overall amplifier gain. The applicability of such an arrangement depends on 
the intensity transfer characteristics of the OPAPE. To avoid loss of brightness of 
the beam and the effects of self focusing and filamentation in the main amplifier, a 
uniform intensity beam profile is required. However, spatial intensity modulations
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Figure 6.9: The intensity transfer characteristics of the OPAPE described in the text.
normally exist on the laser beam due to diffraction effects, for example. If this 
modulation is significantly enhanced by the OPAPE, the beam may not be suitable 
for amplification in the main amplifiers. Figure 6.9 gives the calculated intensity 
transfer curve for the OPAPE. It can be seen from the figure that the intensity 
transfer curve (solid line) is nearly linear over the calculated intensity range. When 
the intensity of the incident pulse is increased from 4 to 9 GW/cm2, i.e. by 2.3 
times, the intensity of the “idler” pulse increases from 1.3 to 3.4 GW/cm2, i.e. by 
2.6 times. This means that any intensity modulation presented in the incident beam 
only increases by about 2.6/2.3=1.1 times after the OPAPE, which is an acceptable 
number. In addition, much better intensity transfer characteristics can be achieved 
by increasing the crystal length for the OPA from 1.5 to 2.0 cm (dashed-line in 
Figure 6.9). Note that in the above calculations, the relative delay rdeiay=0.6 ps 
plays an important role in improving the intensity transfer characteristics. Figure 
6.9 also shows the intensity transfer curve for Tdeiay =  0 and on OPA crystal length of 
d — 1.5 cm (dash-dot line). Clearly, the intensity modulation has been significantly 
enhanced after the OPAPE.
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Figure 6.10 shows the schematic diagram of a high contrast, high power CPA 
Nd laser system. In this set-up, a frequency chirped pulse emerging from a single 
mode optical fiber is amplified by the regenerative amplifier and the pre-amplifier, 
where the latter is added to compensate the energy losses caused by the OPAPE. 
The chirped pulse is, then, compressed to ~  1 ps by a grating pulse compressor. 
The contrast ratio of the compressed pulse should be > 103 if the spectral shaping 
technique is used (see Chapter 3). After the OPAPE, the contrast can be enhanced 
from > 103 to > 108 (see Figure 6.6). Then, the high contrast short pulse (<
1 ps) is stretched to ~  300 ps by the grating pulse decompressor. Finally, after 
the amplification by the main amplifier train, the pulse is recompressed to < 1 ps 
duration. Thus a high power, high contrast (> 108) subpicosecond pulse is obtained 
directly from the CPA Nd laser. Such a high contrast pulse (> 108) is able to support 
the experiments on the ultra-short laser pulse interaction with matter at intensities 
of ~  1018 - 1019 W/cm2 for plasma production thresholds around lO10 W /cm2. Of 
course, this pulse can also be frequency doubled giving a SH beam with much higher 
contrast, in fact the resulting contrast ratio should be sufficient for any conceivable 
experiments. Due to the limited time period for this PhD program, experimental 
confirmation of the ideas proposed in this chapter was not attempted in this study.
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C h a p te r  7
C o n clu sio n
In this thesis, a fiber-grating CPA Nd:glass laser has been studied through modelling 
and experiments. During the whole work, special effort has been made to improve 
the intensity contrast ratio of the pulses generated from that laser.
Before developing the overall laser system, we first numerically studied pulse 
compression using the fiber-grating scheme. On the basis of the simulation results, 
we were able to identify three sources which lead to the pre-pulse emission on the 
compressed pulse. We found that spectral shaping can be very efficiently remove 
the energy from the nonlinearly chirped frequency components and can change the 
spectrum to the required Gaussian profile. It can, thus, improve the intensity con­
trast of the compressed pulse. However, this technique cannot directly remove the 
energy in the frequency unshifted light which also produces pre- and post-pulses. 
We have also demonstrated that using a relatively long fiber can help reduce the 
energy of this frequency unshifted light due to the optical wave breaking effect, but 
the fiber length is limited by some other factors (see Chapter 2). The simulation 
results served as a useful guide in developing a high contrast CPA Nd:glass laser at 
the ANU.
A major part of this work was contributed to the development of the CPA 
Nd:glass laser at the ANU which was composed of five parts (the fourth part was a 
pre-existing system): (1) chirped pulse generation using combined SPM and GVD ef-
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fects in a single-mode optical fiber; (2) pulse stretching using grating pulse stretcher; 
(3) pre-amplification using a ring regenerative amplifier; (4) main amplification using 
a conventional Nd:glass amplifier chain; and (5) pulse compression using grating- 
pulse compressor. In particular, special attention was paid to the development of 
the ring regenerative amplifier since during amplification SPM and energy satura­
tion effects could cause a reduction in the intensity contrast ratio of the compressed, 
amplified pulse. In order to reduce SPM, a cavity dumped high gain ring regener­
ative amplifier was used to minimize the number of the round trips of the pulse in 
the amplifier, consequently, minimizing the total B —integral of the pulse. To avoid 
saturation, we ensured that the amplifier operated in the small signal regime and 
extracted the pulse at an energy much less than the stored energy in the amplifier. 
By using the CPA technique, a ~  5 J single pulse was obtained from the final am­
plifier of the Nd:glass laser. We have demonstrated that a ~  1 ps single pulse can 
be obtained after compression of this amplified pulse. To measure and analyse the 
laser pulses produced in the experiments, high dynamic range CW and single-shot 
autocorrelators were developed.
Since this work focuses upon the improvement of the intensity contrast ratio, 
several different techniques have been studied in considerable detail. Based on the 
simulation results on spectral shaping, this technique was employed to remove the 
nonlinearly frequency chirped light. We have found that spectral shaping in the 
regenerative amplifier by the combined use of gain narrowing and etalon effects is 
the best way to change the spectrum to the desirable Gaussian profile. After spectral 
shaping, the measured value of the intensity contrast ratio of the compressed pulse 
was > 103. However, spectral shaping cannot directly eliminate the pre- and post­
pulses which axe produced by the frequency unshifted light, as predicted by our 
modelling results. Thus, we subsequently explored other methods, such as SHG 
using the normal non-linear response of the doubling crystal to reduce this pre-pulse 
intensity in the second harmonic output.
Normally, the efficiency for frequency doubling of an ultra-short pulse is limited 
by the spectral and angular acceptance of the SHG crystal. However, for frequency
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doubling of a ~  1 ps laser pulse at ~  1 fim in KDP (II), the primary limitation be­
comes group velocity mismatching between the interacting pulses in a conventional 
SHG arrangement. This problem was successfully overcome by using a new tech­
nique developed in this work. We have discovered that group velocity mismatching 
can, actually, become an advantage if a pre-delay is appropriately introduced be­
tween the o- and e-pulses at the entrance to the crystal. Through simulations, we 
have demonstrated that the power conversion efficiency from the fundamental to 
the second harmonic can be as high as 300% and simultaneous “compression” of 
the output pulse duration can reach a factor of four when frequency doubling a ~
1 ps laser pulse at ~  1 ^m. We have called this process group velocity mismatched 
frequency doubling.
These simulation results were confirmed by a series of experiments on SHG. We 
first examined the energy conversion of 1.6 ps Nd laser pulses frequency doubled in 
a 2.5 cm thick KDP (II) crystal with and without a 1.46 ps predelay between the e 
relative and the o fundamental pulses. The observed energy conversion efficiencies 
were as high as 75% which, to our knowledge, are the highest values reported so far 
for frequency doubling ~  1 ps pulses. The experimental results were in excellent 
agreement with our predictions. We have also demonstrated, to our knowledge, the 
first measurements of the predicted pulse shortening and more than 100% intensity 
conversion during SHG. In the experiments, the SH pulse durations were as short as 
250 fs and power conversion was 240% when a 2.5 cm thick KDP (II) was used with a 
1.2 ps Nd laser pulse and a 1.46 ps pre-delay between the e and o pulses at the input 
to the crystal. The results were again in excellent agreement with the predictions 
of our computer models, confirming that processes such as self-phase modulation, 
which is not included in the simulations, did not degrade the pulse compression. On 
the basis of these results we were able to predict the optimum conditions for group 
velocity mismatched frequency doubling which gave maximum intensity conversion. 
We found that for a wide range of pulse durations the optimum pre-delay was 2 ps 
and optimum doubling crystal length 2.5 cm. Using these parameters with input 
intensities of ~  4 - 6 GW/cm2, the energy conversion was typically 60% and the 
SH pulse duration ~  250 fs. The ability to obtain SH pulse durations < 300 fs
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makes the frequency doubled Nd system comparable in performance with the wider 
bandwidth lasing materials, such as Cr:LiSAF or Tiisapphire.
The effect of frequency doubling on the contrast ratio of the pulses was inves­
tigated using the computer models since measurements of this ratio would be very 
difficult. Since the intensity of the SH pulse can be much higher than the funda­
mental pulse, even at a very high conversion efficiency a contrast enhancement close 
to R2 (where R is the contrast ratio of the fundamental pulse) can still be achieved 
(see Chapter 4). Our CPA Nd:glass laser after spectral shaping was capable of gen­
erating ~  1 ps pulses with the intensity contrast ratio of > 103. Hence, frequency 
doubling can further improve the intensity contrast to a value of > 106. In addition, 
the unique advantages of SHG using this technique developed in this thesis allowed 
a significant reduction in the pulse duration and a dramatic increase in the power of 
the SH pulse. The discovery of this technique has opened the door to very efficient 
SHG of high power CPA Ndiglass lasers, and is one major contribution of this study.
To further improve the intensity contrast ratio, a new method using optical 
parametric amplification based pre-pulse eliminator (OPAPE) has been proposed 
through numerical studies. The results show that using OPAPE before the main 
amplifier chain can significantly enhance the contrast ratio from R to ~  i?3, i.e. more 
efficiently than can be obtained using the frequency doubling process. The final 
achievable intensity contrast strongly depends on the contrast ratio of the incident 
pulse. For our CPA Nd laser system, we predicted an increase in the intensity 
contrast ratio from > 103 (after spectral shaping) to > 108. Such a ratio will be 
capable of supporting the experiments on ultra-short laser pulse interactions with 
matter at intensities of ~  1018 - 1019 W/cm2 for plasma production thresholds around 
lO10 W/cm2. Moreover, frequency doubling such a pulse can give a SH beam with 
a contrast higher than 1016. This value should be sufficient enough to support any 
conceivable experiments involving laser-matter interactions. The OPAPE process is 
now under experimental study at the ANU.
It is worth mentioning that our CPA Nd laser generates pulses with a duration 
of about 1.2 ps limited by the bandwidth of 14.6 Ä available at the output from
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the ring regenerative amplifier. Pulses with a duration of < 1 ps could be obtained 
by slightly increasing the bandwidth by increasing the effective bandwidth of the 
etalon in the ring regenerative amplifier. This could be of benefit during SHG, since 
frequency doubling of < 1 ps pulses gives an improved pulse profile (see Chapter 4).
Group velocity mismatched frequency doubling may be able to be extended to 
other materials, especially biaxial crystals with more than one directions for which 
the phase matching conditions can be satisfied, and other wavelengths, such as 
Ti:sapphire lasing wavelength range. This will be the topic for further studies. 
It should be emphasized that group velocity mismatched frequency doubling can 
convert ~  1 ps pulses to < 300 fs which offers the opportunities of using this SH 
pulse as the pump for the tunable ultra-short pulse optical parametric amplifier. 
This project is also under study at the ANU.
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A computer model has been used to investigate frequency doubling of 1-psec duration high-power 
pulses in potassium dihydrogen phosphate (KDP) for type-II phase matching. It has been found 
that group-velocity dispersion can be used to advantage by predelaying the ordinary and extraordi­
nary polarizations appropriately in a thin KDP crystal with its axes aligned at 90* to the mam con­
version crystal. In that situation power conversion > 100% from the fundamental to the second 
harmonic can be obtained with simultaneous “compression” of the output pulse duration by up to a 
factor of 5.
I. INTRODUCTION
The role of various physical effects in the interaction of 
a laser radiation with matter usually depends on the 
wavelength of the radiation. For example, for laser 
driven fusion it is desirable to use short wavelengths heat­
ing radiation to increase the absorption and reduce detri­
mental effects, such as the generation for fast particles 
(see, e.g., Ref. 1). As a result, radiation from high-power 
Nd-glass lasers is usually converted into its higher har­
monics to meet these requirements.
Relatively recently considerable interest has been fo­
cused on the interaction of very short and intense laser 
pulses with matter both for understanding of the funda­
mental physics and for the development of x-ray lasers. 
Specifically, these experiments are aimed to investigate 
absorption mechanisms;2 multiphoton ionization;3 the 
generation of short bursts of x-ray radiation for time- 
resolved studies of solids and high-density plasmas;4 the 
pumping of x-ray lasers,4,5 and kinetic effects within a 
very high temperature high-density (which is nearly uni­
form due to the absence of hydrodynamics) plasma.6 Op­
tical pulse compression is a standard technique7 used in 
the development of compact TW/psec solid-state lasers. 
Unfortunately, an inherent feature of the pulse compres­
sion process is the production of a low-intensity long 
prepulse on which the main high-power pulse is superim­
posed. Since the energy in the prepulse can be a large 
fraction of that in the main pulse, its presence severely 
limits the usefulness of the laser for plasma physics exper­
iments where low prepulse levels are essential. One 
method of reducing the prepulse intensity is to frequency 
double the laser output and use the normal nonlinear 
response of the doubling crystal to reduce the prepulse 
energy.
In the present paper we model frequency doubling of 
s  1-psec duration high-power pulses in a potassium dihy­
drogen phosphate (KDP) crystal. For such short pulses 
both phase and group-velocity mismatch must be con­
sidered in determining the final conversion efficiency.
There are two geometries of the doubling process: (i) 
type I, when two waves with ordinary (o rays) polariza­
tion coalesce to produce the second harmonic with ex­
traordinary polarization (e ray), and (ii) type II, when e 
and o rays coalesce and produce a second-harmonic e ray. 
Since there is only a very small angular range available 
for the type-I process, type-II conversion is more fre­
quently used, despite the fact that the group-velocity 
mismatch is smaller in the type-I doubling process. Al­
though nominally the group-velocity dispersion more se­
verely limits the harmonic conversion of very short 
pulses for type-II phase matching, we have found that it 
can, in fact, be used to advantage by predelaying the o 
and e rays appropriately in thin KDP crystal with its 
axes aligned at 90° to the main conversion crystal. In 
this case > 100% power conversion from the fundamen­
tal to the second harmonic can be obtained.
II. FORMULATION OF THE PROBLEM
Let us consider a situation when a type-II crystal slab 
(0<z<d)  in vacuum is irradiated by two pulses with e 
and o polarizations with center frequencies w, =<u0 =  a>. 
As these two pulses propagate through the crystal they 
coalesce into a second-harmonic e-polarized pulse with 
center frequency o 2 = 2co. The electric fields associated 
with each of the pulses are assumed to have the following 
form:
E ,(t,z )=  Aj ( i , z ) e {<0,'~ k,z) , (1)
where j  =e,o,2 and /cy =  /c. Here is the refractive
index, nj = e) =( 1 +47t\ j ), e, is the dielectric permittivi­
ty, xy(<u) *s linear dielectric susceptibility, and c is the 
speed of light. The conversion mechanism is then de­
scribed by the following set of equations:8
3 A e  j 3 / 4 ,
3z u, 31
- K e A 1A'Qe - ' ^ - a t At ( 2 )
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3 /40 1 3 A o
3 z v0 31 K q A 2 A * e  ltlkz a 0 /4 0 , (3)
3 A 2 1 3^2 ---- L  +  _i---------
3z v 2 3 1
- K 2At A0e,Czkz- a 2A 2 (4)
where uy are corresponding group velocities, a ; represent 
the dissipation rate of each of the frequencies, Ak = k 2 
— ke — k 0 represents the phase velocity mismatch,
2vi(o]
are the constants of nonlinear coupling, and Ynl ‘s the 
nonlinear dielectric susceptibility. In what follows we 
will assume that the interacting waves are perfectly phase 
matched {Ak =0) and suffer no losses (ay =0). The set of 
coupled equations (2) — (4) has been solved numerically 
with the initial condition Aj(t = 0 ,0 £z <d) = 0;j =e,o,2 
and for various boundary conditions Ae(t,z =0) 
=  Ae0(t —Te ), A0(t,z = 0 )=  Ao0(t —r0), and 4^ 2<r»z = 0) 
= 0, where A e 0 and Ao 0 are amplitudes of the incident 
pulses in vacuum and rt0 are delays with which the 
peaks of the pulses reach the crystal/vacuum boundary 
z = 0 .
III. RESULTS
In all calculations presented below the wavelength of 
the incident radiation was assumed to be 1.054 /xm and, 
correspondingly, the values of the nonlinear coupling 
constants were set as follows:9 / f j^ S ^ X lO  4 CGSE, 
Kt o = K 2k 2co]g /k eo(i)\. Also, according to Ref. 10, the 
group velocities of the pulses involved are 
u0= 1.966 36X1010 cm/s, u, = 2.018 77 X 1010 cm/s, v2 
= 1.988 06X 1010 cm/s.
d (cm)
FIG. 2. Net intensity conversion as a function of the crystal 
thickness d  with the predelay tp = t, ~  t„ of the e pulse as a pa­
rameter (the corresponding numbers in the figure are in psec). 
The input pulse parameters are rL =  1 psec / ,= / „  =  3 G W /cm :.
A. The role of group-velocity dispersion
To demonstrate the effect of the group-velocity disper­
sion on the efficiency of the conversion we have run the 
first set of calculations assuming that the two pulses are 
incident simultaneously on the crystal. In this case the 
net intensity conversion / 2/ ( / , + / 0) versus the crystal 
thickness d is shown in Fig. 1 for e and o pulses with 
equal intensity / ,  =  70 =  3 GW/cm2 and equal pulse dura­
tions tl [full width at half maximum (FWHM)]: curve
(a) t l » t d = d  11 /ue — 1 / v 0\, i.e., the case of a long pulse 
when the group-velocity dispersion is unimportant; curve
( b )  , tl = 1.5 psec; curve (c), t l = 1.0 psec: curve id), 
t l =  0.5 psec; curve (e) t l =  0.2 psec. As can be seen, the 
group-velocity dispersion causes a substantial decrease in 
the efficiency of the frequency-doubling process for very 
short pulses and saturates for the crystal thickness 
d , * T L\ l / v t - l / v 0\~l. The conversion efficiency can, 
however, be dramatically increased if one predelays the e
0.2 0.4 0.6 0.8 1.0 1.2
d (cm)
FIG. 1. Net intensity conversion efficiency vs the crystal 
thickness d for e and o pulses with equal intensity /, = /0 = 3 
GW/cm2 and equal pulse durations tl (F^ WHM): curve (a), 
r L » T D= d |l /u , —1 / u J ;  curve (M, rt = 1.5 psec; curve (c), 
tl = 1.0 psec; curve (d) tl = 0.5 psec; curve (e) rL= 0.2 psec.
10 ,.2- '
02 V:. A
/ /
d (cm)
FIG. 3. Net energy conversion as a function of the crystal 
thickness d with the predelay rp —r, — r„ of the e pulse as a pa­
rameter (the corresponding numbers in the figure are in psec). 
The input pulse parameters are rL -  1 psec, l ,=I0-  3 GW/cm2.
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FIG. 4. Second-harmonic pulse duration as a function of the 
crystal thickness d with the predelay rp=r ,  — r0 of the e pulse 
as a parameter (the corresponding numbers in the figure are in 
psec). The input pulse parameters are rL = 1 psec, / ,= /„  = 3 
GW/cm2.
d (cm)
FIG. 6. Net energy conversion vs the crystal thickness for 
Tp — 2 psec and rL = 1 psec. The three curves correspond to 
curve (a), l , —10 — 2.5 GW/cm2; curve (b), /, = / 0 = 3.0 GW/2; 
curve (c), / ,= /„  = 3.5 GW/cm2.
pulse (o, > u0) to create conditions for longer overlap and, 
therefore, more efficient interaction of the two pulses.
B. The role of predelay
The role of such a predelay is illustrated in Figs 2-4. 
In all three cases both incident pulses have the same 
pulse duration rL — 1 psec and same intensity I , —I0 — 3 
GW /cm2. In Fig. 2 the intensity conversion is plotted as 
a function of the crystal thickness d with the predelay 
rp = r, — r0 of the e pulse as a parameter. As can be seen, 
the net intensity conversion efficiency increases from 
S3 80% for Tp = 0  up to =*300% for r p =  2psec. The crys­
tal thickness for which the peak intensity conversion 
efficiency occurs also increases with r . Notice that for 
t s 0.6 psec the intensity conversion, energy conversion 
(Fig. 3), and pulse duration (Fig. 4) all saturate and 
remain independent of d within the caculated range. It 
means that for this particular predelay and the range of d 
considered the reconversion into the fundamental is
negligible. Although the intensity conversion saturates 
for relatively long predelays, the energy conversion 
reaches its maximum for r; a 0 .6  psec (see Fig. 3). The 
existence of this maximum results from the short interac­
tion times for short predelays on the one hand and recon­
version back into the fundamental for too long a prede­
lay. The effect of reconversion is also obvious from Fig. 4 
where we have plotted the duration of the second- 
harmonic pulse versus rp. As can be seen, very short 
second-harmonic pulses (=*0.25 psec, which represents a 
compression by a factor of 4 relative to the incident 
pulse) can be obtained for relatively large delays (rp = 2  
psec) and for a crystal thickness d = 2.5 cm. The net in­
tensity conversion still remains high ( = 300%) in these 
conditions although the net energy conversion drops 
slightly to =80%. An increase in the crystal thickness 
then leads to increasing reconversion which, obviously, 
results in a drop in the energy conversion and in an in­
crease of the second-harmonic pulse duration.
The dependence of the intensity conversion on the
FIG. 5. Net intensity conversion vs the crystal thickness for 
Tp— 2 psec and rL = \ psec. The three curves correspond to 
curve (a), / ,  =  /„ =  2.5 G W /cm 2; curve (b), / ,  =  /„ =  3.0 
G W /cm 2; curve (c), / , = / „  =  3.5 G W /cm 2.
FIG. 7. Second-harmonic pulse duration vs the crystal thick­
ness for r , = 2  psec and tl =  1 psec. The three curves corre­
spond to curve (a), / ,  = /„  = 2 .5  G W /cm 2; curve (b), l,  =  / 0 =  3.0 
G W /cm 2; curve (c), / ,  =  / 0 =  3.5 G W /cm 2.
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t(psec)
t(psec)
FIG. 8. Illustration of an improvement in the intensity con­
trast ratio by frequency doubling a pulse with satellites which 
model complex wings characteristic for compressed pulses: (a) 
the shape of the model tnput pulse, (b) the second-harmonic 
pulse obtained when two such pulses with I, = I0 = 3 GW/cm2 
and with the relative predelay rf — 2 psec are launched into the 
type-11 KDP crystal with the thickness d =2.5 cm.
and subsequently compressed (e.g., by using an optical 
fiber and a pair of gratings) the output consists of a short 
main pulse and two wings each containing a series of sa­
tellites. Therefore the contrast of the compressed pulse is 
typically very low. Frequency doubling, as a nonlinear 
process, thus appear as a possible way of improving the 
contrast of compressed short laser pulses. To test this we 
have modeled the compressed pulse in the form shown in 
Fig. 8(a), i.e., we have replaced the complex wing struc­
ture by the first dominant satellite. The power contrast 
ratio in this case is assumed to be =60. Now, two such 
pulses with / ,  = / 0 = 3 GW /cm3 with the relative prede­
lay r =  2 psec are launched into the type-II KDP crystal 
with the thickness d =  2.5 cm. The output second- 
harmonic pulses is shown in Fig. 8(b). The net intensity 
conversion dropped from a  300% (the case without the 
wings, Fig. 5) down to a  200% due to conversion of 
some portion of energy of the input pulses into the wings 
of the second-harmonic pulse. As could be expected the 
contrast did improve and is now a  300. At the same 
time, the energy contrast improved by a factor of a  3. 
This, however, is still not enough to make such pulses 
suitable for short-pulse interaction experiments because 
the prepulse still contains a considerable amount of ener­
gy and hence it can substantially modify the initial condi­
tions before the main pulse arrives. Our results therefore 
indicate that, in those cases when the pulse contrast is 
crucial, it is better, though not necessarily simpler, to 
construct an oscillator that generates the final =  l-psec 
duration pulse directly and this is then decompressed, 
amplified, and recompressed to generate high power rath­
er than using a fiber-grating compressor system. In ac­
cordance with the scenario proposed above, the pulse can 
then be further “compressed” by frequency doubling (see 
Figs. 4 and 5) with the aim of achieving pulse durations 
< 1 psec.
crystal thickness for various intensities of the incident 
pulses is shown in Fig. 5. Here the predelay rp is set to a 
fixed value rp = 2  psec and both incident pulses have the 
same duration 1 psec. The three curves correspond to 
curve (a), Ie = I0= 2.5 GW/cm2; curve ib), I e= I 0 = 3.0 
GW/cm2; curve (c), / , = / 0 = 3.5 GW/cm2. As could be 
expected, the intensity conversion efficiency increases 
with the increasing pump intensity, in contrast to the en­
ergy conversion which drops at the same time (see Fig. 6). 
The crystal thickness necessary to obtain maximum in­
tensity or energy conversion efficiencies decreases with 
the increasing intensity of the pump. Also, the second- 
harmonic pulse duration decreases with the pump inten­
sity and its minimum is relatively flat in the vicinity of 
d a 2.5 cm (see Fig. 7).
C. Contrast improvement
Finally, we have investigated the effect of the frequen­
cy doubling on the contrast ratio for the pulse involved. 
Theoretically, when a laser pulse is frequency chirped
IV. CONCLUSION
To summarize, we have shown that the apparent disad­
vantage of type-II second-harmonic conversion of short 
laser pulses — group-velocity dispersion— can be used, in 
fact, to advantage by predelaying the ordinary and ex­
traordinary polarizations appropriately. This can be 
achieved by using a thin KDP crystal with its axes 
aligned at 90* to the main conversion crystal. There is an 
optimum predelay of the e pulse and thickness of the 
KDP crystal that, for given intensity and duration of the 
pulses at the fundamental frequency, results in a 
minimum pulse duration of the second-harmonic pulse 
and maximum intensity and energy conversion. For ex­
ample, for / ,  =  / 0 = 3 GW /cm2 input 1-psec pulses, rp =  2 
psec and d =2 . 5 cm one obtains the net intensity conver­
sion a  300%, the net energy converions —80% and the 
output pulse duration ssO. 25 psec, i.e., a “compression” 
by a factor of 4. This compares favorably with the net in­
tensity conversion rate of 80% and energy conversion of 
<60% obtained in the standard frequency-doubling 
scheme without the predelay. We have also tried to
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simulate the frequency doubling of laser pulses 
compressed by the fiber-grating compressor scheme with 
the aim to improve characteristically poor contrast of 
such pulses. The particular example analyzed here 
showed the intensity contrast improvement by a factor of 
5 (the energy contrast by a factor of 3) which, however, in
absolute terms is not sufficient for the frequency-doubled 
pulses to be used in short-pulse interaction experiments.
ACKNOWLEDGMENTS
The authors wish to acknowledge useful discussions 
with B Luther-Davies.
'N. G. Basov, Yu. A. Zakharenkov, N. N. Zorev, A. A. Ru- 
pasov, G. V. Sklizkov, and A. S. Shikanov, Healing and 
Compression o f Thermonuclear Targets by Laser Beam (Cam­
bridge University Press, Cambridge, 1986).
2M. M. Murnane, H. C. Kapteyn, and R. W. Falcone, Phys. 
Rev Lett. 62, 155 (1989); J. C. Kieffer, P. Audebert, M. Chak- 
er, J. P. Matte, H. Pepin, and T. W. Johnston, ibid. 62, 760 
(1989); H. M. Milchberg and R. R. Freeman, J. Opt. Soc. Am. 
B 6, 1351 (1989).
3S. L. Chin, C. Rolland, P. B. Corkum, and P. Kelly, Phys. Rev. 
Lett. 61, 153 (1988).
4D. G. Stearns, O. L. Landen, E. M. Campbell, and J. M.
Scofield, Phys. Rev. A 37, 1684 (1988).
5D. Kuhlke, U. Herpers, and D. von der Linde, Appl. Phys. 
Lett. 50, 1785 (1987).
6P. Mulser, S. Pfalzner, and F Cornolti, (unpublished); E. G.
Gamaliy and V. T. Tikhonchuk (unpublished).
7E. B. Treacy, IEEE J. Quantum Electron. QE-5, 454 (1969); W. 
J. Tomlinson, R. H. Stolen, and C. V. Shank, J. Opt. Soc. Am 
B l, 139 (1984)
8J. A. Armstong, A. A. Jha, and N. S. Shiren, IEEE J. Quantum 
Electron. QE-6, 123 (1970). 
qR. S. Craxton, Opt. Commun. 34, 474 (1980).
I0F. Zernike Jr., J. Opt. Soc. Am 54, 1215 (1964).
167
1862 a reprint from Optics Letters
Highly efficient conversion of picosecond Nd laser 
pulses with the use of
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We report an increase in the conversion efficiency from =40% to =75% for type II frequency doubling of 
1.053-^m, 1.6-ps-duration pulses in KDP when a delay of =1.45 ± 0.1 ps between the extraordinary and ordi­
nary pulses is introduced at the input to the doubling crystal. The delay compensates for the effect of group- 
velocity dispersion in the crystal with the result that the effective interaction length in the crystal is 
approximately doubled.
A previous paper1 predicted that group-velocity dis­
persion in KDP could be used to advantage to in­
crease the conversion efficiency for second-harmonic 
generation of picosecond-duration l-/nm laser 
pulses. In normal circum stances when using 
type II frequency doubling in KDP with pulses with 
durations of less than =2 ps, group-velocity disper­
sion between the ordinary (o) and extraordinary (e) 
ray fundamental waves and the second harmonic 
limits the maximum conversion efficiency since the 
three interacting waves become physically separated 
after passing less than 1 cm through the crystal. 
This limits the energy conversion efficiency to values 
of <40% for 1-ps pulses at the optimum input beam 
intensity of =4 GW/cm2. At intensities above this 
optimum, the energy conversion efficiency decreases 
because of reconversion of the second harmonic back 
into the fundamental.
For KDP the group velocities of the o and e input 
waves are u0 = 1.966 x 1010 cm/s and vt = 2.019 x 
1010 cm/s, respectively, while that of the second har­
monic is u2 = 1.988 x 1010 cm/s. Thus the e-ray 
fundamental pulse moves ahead of both the o-ray 
fundamental and the second harmonic in the crystal. 
The effective interaction length for second-harmonic 
g en era tio n  is given approxim ately  as Leff = 
TP( l / u 0 -  1 and for tp = 1 ps, Lefr = 0.75 cm. 
The group-velocity values show, however, that the 
second-harmonic pulse always lies approximately 
halfway between the fundamentals, and this led to 
the suggestion in Ref. 1 that delaying the fundamen­
tal e pulse relative to the o pulse when it entered the 
crystal by a time =rp would effectively double the 
interaction length and improve the conversion 
efficiency for second-harmonic generation. The 
predicted energy conversion efficiency for =l-ps- 
duration pulses in a 25-mm-thick KDP crystal rose
0I46-9592/91/231862-03$5.00/0
from =35% to =90% when a 0.6-ps delay was added, 
but additionally a remarkable increase in the inten­
sity conversion efficiency from =60% with no pre­
delay to =300% was found when the predelay was 
= 2 ps. The high-intensity conversion is due to 
a fourfold temporal compression of the second- 
harmonic pulse. This occurs because the differ­
ences in group velocities cause one time point in the 
second-harmonic pulse to interact with all time 
points in the two fundamental pulses as the e-pulse 
fundamental overtakes the o pulse. In principle, 
therefore, energy can be transferred from the fun­
damentals into a much shorter second-harmonic 
pulse. Predictions of the beneficial effect of prede­
laying the input pulses to compensate for group ve­
locity dispersion were mentioned in a recent paper 
by Pronko et al.2 on second-harmonic generation, al­
though the effect on pulse duration was missed. 
Similar techniques have also been applied to optical 
parametric oscillators.3,4
In this Letter we present the results of experi­
ments on second-harmonic generation of 1.6 ± 0.3-ps 
Nd laser pulses in KDP with and without a predelay. 
A predelay of =1.45 ± 0.1 ps was found to increase 
the energy conversion efficiency from a maximum of 
40% to 75%, which is in good agreement with our pre­
dictions, as was the variation of the conversion effi­
ciency with laser intensity and beam polarization.
The tabletop terawatt Nd:glass laser5 at the Labo­
ratory for Laser Energetics was used for these ex­
periments. The maximum output energy was 
=10 mJ in a 1.6 ± 0.3-ps pulse as determined by a 
single-shot autocorrelator, with the pulse energy 
measured by using a pyroelectric calorimeter. The 
time-bandwidth product for this laser was =0.44, 
consistent with the Gaussian pulse shape measured 
by using autocorrelation techniques.5 Strong spa-
© 1991 Optical Society of America
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Fig. 1. Computed plane-wave second-harmonic conver­
sion efficiencies plotted as a function of laser intensity 
with (solid curves) and without (dashed curves) a 1.46-ps 
predelay for type II second-harmonic generation in 
a 25-mm-thick KDP crystal and for various polarization 
angles relative to the e direction.
tial filtering was used to provide a smooth beam 
1 cm in diameter at the doubling crystal. Near-field 
images were recorded on Kodak TMAX film and 
converted to intensity data after correction for the 
known film response. The calculated value of the 
maximum beam intensity was 7.5 ± 2 GW/cm2. The 
predelay was introduced by passing the input beam 
through a 15-mm-thick, 53°-cut, KD*P crystal with 
its o and e directions aligned at 90° to those of the 
KDP doubling crystal. The predicted predelay 
(at 53°) was 1.46 ps, which is close to the value of 
1.35 ± 0.1 ps measured directly by using a 0.75-ps 
compressed pulse from the output of an optical fiber 
and an autocorrelator.
The KDP doubling crystal was 25 mm thick with 
sol-gel antireflection coatings on its input face for 
1.06 /i.m and on its output face for 0.53 (im. Cali­
brated detectors monitored the incoming laser en­
ergy and second-harmonic emission to an accuracy 
of —5% at maximum energy.
Calculations were made of the energy conversion 
efficiency with and without predelay for the experi­
mental parameters indicated above (Fig. 1). Two 
independent codes were used and gave exactly the 
same results. The first was based on Wang and 
Dragila’s model, which advanced the electric field in 
the time domain,1 while the second code, mixer , 6 op­
erated in the Fourier domain and used a convolution 
sum to treat the nonlinear interaction. The rele­
vant input parameters were d 36/e0 = 0.39 pm/V and 
energy absorption coefficients at 1.053 ßm  of 
5.8 m '1 (o ray) and 2.0 m'1 (e ray). The refractive- 
index data for KDP and KD*P used in calculation of 
the group velocities and nonlinearities were ob­
tained from Eimerl.7 In the absence of predelay 
the plane-wave conversion peaked at =40% at an in­
tensity of =2.5 GW/cm2, while with a 1.46-ps prede­
lay the conversion rose to =87% at an intensity of 
= 1.8 GW/cm2. Since the type II second-harmonic 
generation process is sensitive to the polarization 
state of the incoming beams, calculations were made 
to determine the effect of rotating the polarization 
relative to the o and e axes of the doubling crystal. 
A large drop in conversion occurs for a 6° error in 
alignment of the polarization, which is equivalent to
= 1% depolarization of the input beam. A dielectric 
polarizer was placed at the output of the laser to en­
sure that the beam was linearly polarized at the 
crystal. The alignment accuracy of the o and e axes 
relative to the beam polarization was known to <2°.
The results of the measurements of the second- 
harmonic generation conversion efficiency are shown 
in Fig. 2. Without the predelay [Fig. 2(a)] with input 
beam polarization at 45° to the o and e axes, the con­
version peaked at —40 ± 3% at /  = 4 GW/cm2 and 
was relatively insensitive to laser intensity over a 
wide range. In the same conditions but with the
20 -
Peak Intensity (GW/cm:)
Peak Intensity (GW/cm5)
Polarization Angle (Degree)
Fig. 2. (a) Second-harmonic conversion efficiency as a
function of laser intensity without predelay compared 
with the computer predictions spatially averaged over the 
measured beam profile, (b) The second-harmonic conver­
sion efficiency as a function of laser intensity with pre­
delay compared with the computer predictions spatially 
averaged over the measured beam profile, (c) The mea­
sured conversion efficiencies as a function of polarization 
angle relative to the e direction at /  = 2.0 ± 0.4 GW/cm2 
without predelay compared with computer predictions 
spatially averaged over the measured beam profile. For 
(a)-(c) the beam divergence (A0) is 0 #xrad (dashed curve) 
and 150 ^rad (solid curve).
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Fig. 3. Predicted plane-wave second-harmonic pulse du­
ration as a function of laser intensity with a 1.46-ps pre­
delay. Pulse shapes of the second harmonic at input 
intensities of 1.5 and 8 GW/cm2 are shown in the insets.
addition of the predelay [Fig. 2(b)] the conversion 
peaked at 74 ± 3% at I = 2.0 ± 0.5 GW/cm2. The 
solid curves are the result of computer predictions 
after spatial averaging over the measured beam pro­
file and with the finite beam divergence (150 prad 
in air) taken into account. To perform the spatial 
averaging, the beam profiles used in the various 
experim ents were fitted by a truncated super- 
Gaussian function, 7 = 7max exp{-ln(2)[(a:/rI)'' +
(y/ry)m]}, f°r x< y lying within an ellipse [(x/xmax)2 + 
(y/ym„)2 = 1], and 7 = 0 outside this region. This 
provided an accurate fit to the measured beam pro­
files, with typical values of the parameters being 
n = 2, m = 3.5, r, = 3.8 mm, r„ = 4.6 mm, xma, = 
5.9 mm, and ymax = 6.3 mm. Figure 2(c) compares 
the measured and calculated conversion efficiency 
without predelay as a function of beam polarization 
angle relative to the e axis. As is evident, the experi­
mental data are all in excellent agreement with the 
computer predictions. Comparison of Figs. 1 and 
2(a) and 2(b) shows that spatial averaging results in 
a 10% drop in the peak conversion efficiency and 
moves the peak to slightly higher intensities.
Of interest is the predicted second-harmonic pulse 
duration (FWHM intensity) with and without the 
1.46-ps predelay, which is plotted as a function of 
intensity for the plane-wave case in Fig. 3; the insets 
show the pulse shapes at I = 1.5 and 8 GW/cm2. 
Note that strong pulse compression occurs in the 
presence of the predelay, with the minimum dura­
tion of =0.25 ps occurring at an intensity much 
higher than that required for maximum energy con­
version. Near that optimum (7 = 2 GW/cm2) the 
second-harmonic pulse duration is =0.9 ps and the 
predicted intensity conversion is =140%. Note that 
the pulse envelope becomes distorted and develops 
wings at higher intensities. These originate from 
competition between second-harmonic generation 
and reconversion of the second harmonic through 
param etric amplification in regions where the
second-harmonic intensity and the intensity of only 
one of the fundamental pulses is high. Reconver­
sion preferentially removes energy from the leading 
and trailing edges of the second-harmonic pulse, re­
ducing the overall pulse duration but also lowering 
the energy conversion efficiency. At lower intensi­
ties reconversion is not so strong and wing-free 
pulses are obtained.
The excellent agreement between the computed 
and measured second-harmonic generation energy 
conversion efficiences gives us confidence that 
the predicted compression of the second-harmonic 
generation pulse was also obtained in these experi­
ments, although suitable equipment was not avail­
able to measure the second-harmonic pulse duration 
and shape.
In conclusion, we have demonstrated that consid­
erable advantage can be obtained by adding a delay 
between the o and e fundamental pulses for fre­
quency doubling of =I-ps high-intensity pulses of 
Nd laser light in KDR The observed conversion ef­
ficiencies of as much as 75% are to our knowledge 
the highest values reported so far and open the door 
to efficient second-harmonic generation of high- 
power chirped-pulse amplification Ndiglass lasers. 
An additional benefit of frequency doubling the out­
put from the laser is a relative reduction by the non­
linear frequency conversion process of the size of the 
prepulse pedestal normally associated with chirped- 
pulse amplification systems.
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We have measured as much as an approximately fivefold compression and 240% power conversion when type II 
frequency doubling is used with 1.2-ps Nd laser pulses and a 1.4-ps predelay is introduced between the e and o 
pulses at the input of a KDP crystal.
In previous publications12 we demonstrated that a 
marked increase in the efficiency of type II second- 
harmonic generation for 1-2-ps Nd laser pulses in 
KDP crystal occurred when a predelay of 1-2 ps was 
introduced between the e and o fundamentals at the 
input to the doubling crystal. The predelay compen­
sated for the normally deleterious effect of group- 
velocity dispersion in the doubling crystal, which 
would typically separate the interacting pulses after 
only *1 cm of propagation. It was observed2 that 
the energy-conversion efficiency approximately dou­
bled, from 40% to >75%, when a 1.4-ps predelay was 
used, in excellent agreement with computer simula­
tions. A second prediction from the simulations, 
namely, that the second-harmonic pulse duration 
could be much less than that of the fundamental, was 
not confirmed in this earlier work since a suitable 
single-shot autocorrelator for the second-harmonic 
emission was not then available. In this Letter we 
report what is to our knowledge the first measure­
ments of the predicted pulse shortening with second- 
harmonic pulse durations as short as 250 fs having 
been obtained when 1.2-ps Nd pulses were frequency 
doubled in KDP with a 1.4-ps predelay. Simulta­
neously, power conversion efficiencies of as much as 
240% were observed. The results are in excellent 
agreement with the predictions of our computer 
models,1,2 confirming that processes such as self­
phase modulation, which were not included in the 
simulations, do not degrade the pulse compression. 
Since pulse durations near =250 fs can be generated 
by this technique, the performance of a frequency- 
doubled Nd system thus becomes comparable with 
that of the wider-bandwidth lasing materials such as 
Cr:LiSAF and Ti-sapphire.
In our experiments 30-mJ, 1.2-ps Gaussian band­
width-limited pulses at 1.053 /zm were generated by 
the normal chirped-pulse amplification technique.3'6 
250-W peak power 50-ps-duration pulses from a 
mode-locked NdYLF laser (Coherent Antares) were 
passed through a 1-km-long single-mode optical 
fiber to stretch the pulse to 150-ps duration with a 
bandwidth of 4 nm. Single output pulses were se­
lected by using a Pockels cell and injected into an 
11-pass regenerative ring amplifier by using Kigre
0146-9592/92/201459-03$5.00/0
Q98 glass. A 40-^m-thick etalon was included 
within the resonator to shift the peak of the effective 
gain curve to match the YLF wavelength. The 
etalon also removed the frequency components at the 
extremes of the spectrum, where nonlinear chirps 
exist, more effectively than could be achieved by 
relying on gain narrowing alone. Single 1-2-mJ 
pulses were switched from the regenerative ampli­
fier and amplified further by a double-pass 12-mm- 
ap e rtu re  am plifier to =60 m J before being 
compressed by a pair of gold-coated, 1200-line/mm 
replicated gratings. The output pulse duration 
was measured with a single-shot autocorrelator, and 
the autocorrelation trace was recorded with a Reti- 
con detector. The pulse was 1.2 ps long (FWHM) 
with an almost Gaussian shape and had a time- 
bandwidth product of 0.47. Figure 1 shows the 
spectrum and an autocorrelation trace of a typical 
1.054-/xm pulse.
The approximately Gaussian output beam was col­
limated and passed through a 1-cm-diameter aper­
ture to provide an approximately uniform intensity 
distribution at the 25-mmrthick KDP frequency­
doubling crystal cut for type II second-harmonic gen­
eration. Approximately 10% of the incoming energy 
was directed to a pyroelectric joulemeter, while the 
remainder entered the frequency-doubling system. 
The unconverted IR light was removed by a BG18 fil­
ter and the second-harmonic energy was recorded by 
a second pyroelectric joulemeter. The laser energy 
entering the doubling crystal through the 1-cm aper­
ture was varied between 1 and 10 mJ by changing 
the gain of the regenerative amplifier. A 15-mm- 
thick KD*P predelay crystal introduced a 1.4-ps pre­
delay between the e and o IR components at the input 
to the doubling crystal. The energy-conversion effi­
ciency was determined with and without the pre­
delay and as a function of laser intensity.
Some of the second-harmonic output pulse was di­
verted to a different KDP autocorrelator for mea­
surement of the second-harmonic pulse duration. 
Since the beam crossing angle in the 90°-cut auto­
correlator crystal was only =6°, careful attention 
was needed to ensure that the beams entering the 
autocorrelator were uniform over distances of 5 mm
© 1992 Optical Society of America
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Fig. 1. (a) Autocorrelation trace of the 1.053-/xm com­
pressed pulse from the chirped pulse amplification Nd 
laser, (b) Corresponding pulse spectrum.
to avoid intensity modulation in the beam becom­
ing imprinted on the autocorrelator signals. The 
263-nm output beam was imaged onto a windowless 
Reticon detector by a fused-silica lens.
The energy conversion measurements were similar 
to those reported in our earlier work.2 With no pre­
delay the peak conversion was «40% at 3-4 GW/cm2, 
whereas adding the 1.4-ps predelay increased the 
conversion to «75% at 2-3 GW/cm2. The only sig­
nificant experimental difference in comparison with 
this earlier work was that the laser pulse in the ex­
periments reported here was shorter (1.2 ps, com­
pared with 1.6 ps), which has a small effect on the 
way in which the conversion efficiency varies with 
laser intensity.
In Fig. 2 we present a series of autocorrelator 
traces of the second-harmonic pulses at different 
laser intensities. At the intensity where peak 
energy conversion was observed (2.7 GW/cm2) 
[Fig. 2(a)] the pulse duration was 630 fs, indicating 
a power-conversion efficiency of 140%. At higher 
intensities the second-harmonic pulse duration 
shortened markedly [Figs. 2(b) and 2(c)] and reached 
a minimum near «250 fs at «7 GW/cm2. At this 
intensity the energy conversion efficiency was 
«60%, and the intensity-conversion efficiency 
reached 240%.
At the highest intensities the autocorrelation 
traces developed wings, indicating that a prepulse 
and a postpulse were formed near ±500 fs from the 
main pulse [Fig. 2(c)]. This was predicted in our 
simulations2 and is caused by double reconversion of 
the 1.054-/xm light within the crystal. The process
is as follows. At sufficiently high intensity, the 
pump light is converted to second harmonic in the 
first part of the crystal, and energy is depleted 
from both e- and o-polarized pump pulses. As the 
pulses propagate, group-velocity dispersion sepa­
rates the two polarization components in time so 
that, in the leading and trailing edges of the second- 
harmonic pulse, one of the IR polarization compo­
nents becomes more intense than the other. Energy 
is then reconverted from the second-harmonic pulse 
by means of parametric amplification to reconstitute 
the other IR polarization component. Almost all of 
the second-harmonic power in the leading and trail­
ing edges of the second-harmonic pulse is eventually 
depleted by this means. This contributes to the re­
duction in second-harmonic pulse duration that oc­
curs with increasing laser intensity. After full 
depletion of the second harmonic, the IR pulse 
intensities become sufficiently large that second- 
harm onic generation again occurs, producing
0.63 psec
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Fig. 2. Autocorrelation traces for the 527-nm frequency- 
doubled beam with a 1.4-ps predelay. Input intensities 
are (a) 2.7 GW/cm2, (b) 5.3 GW/cm2, (c) 7.2 GW/cm2.
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Fig. 3. Measured second-harmonic pulse durations com­
pared with computed values assuming either plane inter­
acting waves (solid curve) or a 100-^.rad beam divergence 
appropriate for a 1-cm-diameter beam (dashed curve).
1.0 1.5 2.0 2.5
Input Pulse Duration (psec)
Fig. 4. Maximum intensity-conversion efficiency (solid 
curve) and the intensity at which this is obtained (dashed 
curve) plotted as functions of IR pulse duration for a 25- 
mm-thick KDP crystal and 2-ps predelay.
low-intensity prepulses and postpulses of the second 
harmonic.
The measured pulse duration as a function of laser 
intensity is plotted in Fig. 3 and compared with the 
results of computer simulations. It is important to 
note that higher-order nonlinear processes, such as 
self-phase and cross-phase modulation, whose pri­
mary effect would be to degrade the pulse shortening 
processes, were not included in the computer models. 
Two simulation results are presented: the solid
curve applies to the plane-wave case, whereas the 
dashed curve represents the experimental situa­
tion in which the beam divergence was «100 /xrad, 
limited by diffraction of the 1-cm-diameter beam. 
Clearly the measured pulse durations were in excel­
lent agreement with the predictions, implying that 
the higher-order nonlinearities did not limit the 
minimum pulse duration in the conditions of these 
experiments.
We have made a study to optimize the process of 
group-velocity-mismatched frequency doubling to ob­
tain the highest-intensity conversion efficiency and
the shortest pulse durations. The variables are the 
thickness of the doubling crystal, the intensity of the 
incoming laser, the duration of the input pulse, and 
the predelay. The results demonstrate that the opti­
mum crystal thickness is largely independent of 
pulse duration (for values from 1 to 2.5 ps) and is 
near 25 mm. When this crystal length is used, the 
optimum predelay is again generally independent of 
the pulse duration and is «2 ps. Using these opti­
mal values for crystal length and predelay fixes the 
minimum second-harmonic pulse duration near 
200 fs. The remaining parameters of choice are 
thus the pulse duration and the input intensity. For 
the maximum intensity enhancement the longest 
possible pulse should be used. In Fig. 4 we plot the 
variation of the maximum intensity-conversion effi­
ciency and the intensity at which that maximum 
occurs as a function of input pulse duration. It is 
obvious from this figure that input intensities of 
«5-6.5 GW/cm2 and 2.5-ps pulse durations give the 
best intensity-conversion efficiencies, which can ap­
proach 460%. However, when input pulse durations 
greater than «1.2 ps are used, the prepulses and the 
postpulses located i0.5 ps from the main pulse 
reach several percent of the peak intensity, which 
may be disadvantageous in some applications.
Our final comments concern the limitations of 
this technique. A survey of a range of frequency­
doubling crystals indicates that only KDP crystal 
provides the correct relationship between the group 
velocities of the fundamental and second-harmonic 
pulses (the second-harmonic group velocity should be 
close to the arithmetic mean of the fundamentals); 
furthermore, in KDP this occurs only for second- 
harmonic generation at wavelengths close to 1 ^m. 
Although the process will not, therefore, be of great 
benefit to users of shorter-wavelength lasers such as 
TLsapphire, it is indeed fortunate that the process 
optimizes for the most well-developed and powerful 
of the chirped-pulse amplification lasers —the Nd 
system —by using the only crystal available in large 
enough sizes to be usable as a frequency doubler for 
the multiterawatt beam prpduced by those lasers.
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When using type II frequency-doubling 
in KDP with pulses shorter than »>2 ps, 
group velocity dispersion limits the maxi­
mum conversion efficiency since the three 
interacting waves become physically sepa­
rated after passing <1 cm through the 
crystal. Energy conversion efficiencies 
are, thus, <40% for 1-pm 1-ps pulses at an 
optimum input intensity of -4GW / 
cm2. Above this optimum, the energy 
conversion efficiency decreases because of 
reconversion of the second harmonic back 
into the fundamental.
In KDP the group velocity for the sec­
ond harmonic lies about halfway between 
the fundamentals, and this led to the sug­
gestion' that delaying the fundamental 
e-pulse relative to the o-pulse when it 
entered the crystal by a time — x, would 
effectively double the interaction length 
and improve the conversion efficiency for 
second-harmonic generation. The pre­
dicted plane wave energy conversion effi­
ciency for — 1-ps duration pulses in a 
25-mm thick KDP crystal rose from -35
*Laboratory for Laser Energetics University of 
Rochester, 250 East River Rd., Rochester, N Y  
14623-1299
to -90% when a 0.6-ps delay was added, 
but additionally a remarkable increase in 
the intensity conversion efficiency from 
-60% with no predelay to -300% was 
found when the predelay was -2  ps. 
The high intensity conversion is due to a 
four-fold temporal compression of the 
second harmonic pulse. This occurs 
because the relative group velocities are 
such that one time point in the second 
harmonic pulse can extract energy from 
all time points in the two fundamental 
pulses as the e^-pulse fundamental over­
takes the om- and e2tu‘Pulses- 
We present the results of experiments 
on second-harmonic generation of 1.6-ps 
Nd laser pulses in KDP with and without 
the predelay. A 1.4-ps predelay was 
found to increase the energy conversion 
efficiency from a maximum of 40-75% in 
excellent agreement with our predictions 
(Fig. 1) as was the variation ot the conver­
sion efficiency with laser intensity and 
beam polarization. Second-harmonic 
pulse durations measured using a single 
shot autocorrelator were also in good 
agreement with the predictions. We out­
line the consequences of this work for the 
development of very high power CPA 
Nd:glass lasers where frequency-doubling 
has the beneficial effect of both increasing 
the available output power and helping 
suppress the prepulse emission normally 
associated with these lasers.
1. Y. Wang, R. Dragila, Phys. Rev. A 41, 
5645 (1990).
CLEO® 92/FRIDAY M ORNING/603
Peak Intensity (GW/cm1)
CFD7 Fig. 1. Measured second-har­
monic conversion efficiency as a function 
of laser intensity with a 1.4-ps predelay is 
plotted for comparison with computer 
predictions spatially averaged over the 
measured laser beam profile. The beam 
divergence used in the calculations was 
either 0 prad (dashed) or 150 prad (solid) 
lines.
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